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This thesis consists of three separate projects. In the first project, the dynamic
properties of entangled linear DNA are investigated via tracking of tagged DNA
using fluorecence microscopy. In the second project, the dynamics of entangled
circular DNA is investigated with the same methodology as mentioned in the first
project. In the last project, the like-charged proteins induced DNA compaction
in nanochannel confinement is studied.
In the first project, the mean square displacement, reorientation correlation,
and the radius of gyration of entangled λ -phage DNA were obtained with flu-
orescence microscopy. From an analysis of the mean square end-segment dis-
placement with Doi-Edwards theory, the Rouse relaxation time, tube renewal
time, tube step length, and tube mean square end-to-end distance are obtained.
The reorientation time is derived from the orientation correlation of the radius
of gyration tensor. The concentration dependencies of the tube renewal and re-
orientation times agree with the relevant scaling laws for reptation dynamics.
Furthermore, the similarity in concentration dependence and time scale of the
tube renewal and reorientation times indicates coupled translational and rota-
tional motion of DNA in the entangled regime.
In the second project, the mean square displacement of entangled circular
cosmid DNA was obtained with fluorescence microscopy. From a comparison
between the mean square displacement of cosmid DNA and that of λ -phage
DNA, several differences are observed suggesting that topology of the DNA
molecules has a significant influence on their motions. From a comparison be-
tween the mean square displacement of cosmid DNA and that of colloid beads,
v
SUMMARY
embedded in otherwise the same cosmid DNA solution, an essential similarity
is found indicating circular DNA molecules behave like spherical particles in an
entangled system.
In the third project, the effects of the like-charged proteins, bovine serum
albumin (BSA) and hemoglobin, on the conformation and compaction of sin-
gle DNA molecule confined in rectangular nanochannels were investigated with
fluorescence microscopy. The channels have lengths of 50 µm and averaged
cross-sectional diameters in the range of 80 – 300 nm. In the wider channels, the
DNA molecules are compressed and eventually condense into a compact form
with increasing concentration of protein. In the narrow channels, no condensa-
tion was observed. The threshold concentration for condensation depends on the
channel cross-sectional diameter as well as the ionic strength of the supporting
medium. The critical values for full compaction are typically less than one-tenth
of a millimolar. In the bulk phase and in the same environmental conditions,
no condensation was observed. Anisotropic nanoconfinement hence facilitates
compaction of DNA by negatively charged protein. Tentatively, this behavior in
terms of enhanced depletion interaction between segments of the DNA molecule
is interpreted as the result of orientation order imposed by the channel walls.
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The term polymer refers to a subcategory of macromolecules which consist of
repeated structural units called monomers. The term was first introduced in 1833
by the Swedish chemist, Jo¨ns Jakob Berzelius [1, 2]. Natural and synthetic poly-
mers can be produced with a wide range of stiffness, strength, heat resistance,
density, and even price, to fulfill multiple functions. This versatility makes poly-
mers extremely essential and ubiquitous in industry. Their commercial appli-
cations include a wide range of products, such as plastics and resins, and their
dynamics properties greatly affect their design, synthesis and utility.
One most important part of polymers is categorized as biopolymers, poly-
mers produced by living organisms. There are three main classes of biopoly-
mers: sugars, which are linear or branched polymeric carbohydrate structures;
proteins, which are large or fully functional polymers of amino acids; and nu-
cleic acids, which are long polymers composed of nucleotide monomers. All
three classes play significant roles in living organisms. Sugars usually func-
tion as energy sources for plants and animals. Protein performs a vast array of
functions including catalyzing metabolic reactions, replicating DNA, respond-
ing to stimuli, and transporting molecules. Nucleic acids encode genetic instruc-
tions used in the development and functioning of all known living organisms
and many viruses. These functions are not only determined by their chemical
1
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compositions and spacial structures, but also affected by their dynamic proper-
ties. For instance, the motions of large scale proteins are invoked in genome
regulatory proteins, motor proteins, signaling proteins and structural proteins. In
the case of nucleic acids, the dynamics of nucleic acids are significant in many
biological processes such as transcription of the genome and the segregation of
the intertwined sister chromatids during mitosis. Furthermore, the mechanism of
polymer motion is even useful in delivering contrast agents or therapeutic drugs
to tumors [3]. Thus, extensive studies of polymer dynamics have been carried
out to understand numerous phenomena involved in living organisms [4, 5, 6].
1.2 Linear and circular DNA
As one of the most essential biopolymers, DNA (Deoxyribonucleic acid), known
as the blueprint of lives, carries genetic codes. It was first discovery by Johann
Friedrich Miescher in 1869 [7], when he analyzed the chemical composition of
leukocytes. 75 years later, DNA was experimentally shown to be a carrier of
genetic information by Oswald Avery and his team [8]. In 1952, Alfred Her-
shey and Martha Chase further confirmed that DNA itself is a genetic material
[7]. One year later, the spacial structure (or secondary structure) of DNA was
resolved by James D. Watson and Francis Crick, based on the base pairing rules
found by Erwin Chargaff and X-ray diffraction results by Rosalind Franklin and
Raymond Gosling [9]. This discovery of the double-helix DNA model has given
rise to a new way of looking at and manipulating biological processes, molec-
ular biology, leading to numerous experimental and technical achievements in
the last half-century. The double-helix model itself not only complies with the
known physical and chemical properties of DNA, but also explains how DNA
fulfills the biological functions such as replication, transcription and translation
[10].
DNA double-helix consists of two long polymers with simple monomers
called nucleotides. Each nucleotide includes a unit of DNA backbones, made
of a phosphate group and a deoxyribose, and a unit of nucleobases attached to
2
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the deoxyribose. Genetic instructions are encoded as a sequence of these nu-
cleobases (guanine, adenine, thymine, and cytosine) recorded using the letters
G, A, T, and C correspondingly. Two strands of the long polymers bind to each
other through hydrogen bond between nucleobases. The bonding follows the
rules that A only binds to T and G only binds to C. The whole structure is then
further stabilized by interactions among aromatic nucleobases [11] and the dou-
ble helices [12]. Three forms of double helices have been identified: the A-, B-,
and Z-forms. In nature, B-form DNA dominates. In this form, each turn of the
helix consists of 10 base pairs and has a length of 3.4 nm. The width of DNA
is 2.0 nm and the bases are perpendicular to the helix axis [10]. This double
helical structure provides the twisting and bending rigidity, making the DNA a
semiflexible and charged polymer chain.
Other than linear form, double-helical DNA can also take a closed-circular
loop configuration. Such structure was first discovered in the early 1960s by
groups of scientists who were studying the polyoma viruses [13, 14]. The closed-
circular loop structure has a unique feature which allows the double-helical DNA
to form supercoil. A supercoil is formed by adding or subtracting twists to im-
pose strain on circular DNA. Figure 1.1 shows a typical example of DNA super-
coils [15]. Because the DNA supercoiling allows the DNA with a contour length
of a scale of several meters to reduce its occupied space to a scale of microme-
ters, i.e. the scale of a single cell, it is extremely important for DNA packaging
within all cells. In addition, the supercoiling is greatly increased during nuclear
division events such as mitosis or meiosis, where DNA must be compacted and
segregated to daughter cells.
In vivo, DNA along with other nucleic acids, proteins, polysaccharides, metabo-
lites, and so on, is compacted in a very small volume. This fact, commonly
known as molecular crowding [16], results in a high DNA local concentration.
Even during mitosis, the local concentration is as high as 1 to 10 g of DNA/L,
which is enough to form a entangled polymer network. The entanglements in
such a network refer to topological constraints exerted by polymers due to the
fact that they cannot cross each other. These entanglements greatly hinder the
3
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Figure 1.1: Schematic picture of DNA supercoils. Relaxed: A closed-circular
loop. Positive: New double-helical turns are introduced to overwound the DNA
molecule forming positive supercoil. Negative: Existing double-helical turns are
removed to underwound the DNA molecule forming negative supercoil [15].
4
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motion of DNA which is essential to many biological processes, such as repli-
cation, recombination, transcription of the genome, and the segregation of the
intertwined sister chromatids during mitosis [17, 18]. For linear DNA, the the-
ory describing the dynamics of polymers in such entangled system is called the
reptation model. This model was first proposed by Pierre-Gilles de Gennes in
1971 [4] and then refined by Sam Edwards and Masao Doi [5]. It predicts that
in an entangled polymer solution, a linear molecule follows a 1-dimensional dif-
fusion within a virtual tube representing the constraint exerted by surrounding
molecules. Although the original model is too simple which ignores several
crucial phenomena, such as constraint release [19, 20], the reptation concept is
widely accepted and tested via various methods, including computer simulation,
rheology experiment and neutron scattering [21, 22]. For the closed-circular
DNA, the motion cannot be describe by reptation model because of the different
topology. This difference affects almost every aspect of the dynamics of circu-
lar DNA, for instance, self-diffusion [23] and stress-strain response [24]. Even
though several models are proposed to qualitatively describe the motion of a
circular DNA [25, 26, 27], no conclusive explanation is found to describe it.
1.3 DNA and proteins
The dynamic properties of linear entangled DNA can be investigated by repta-
tion theory. However, in vivo, the entangled environment or the congested state
of DNA molecules is usually achieved with the help of other molecules, such as
functional biomolecules, which directly interact with DNA, and non-functional
biomolecules, which do not directly bind to DNA. In eukaryotes, DNA is pack-
aged and ordered into structural units, nucleosomes, by highly alkaline proteins
called histones. This arrangement through direct binding between histones and
DNA contributes the initial phase of DNA packaging, which is followed by
a series of reorganizations to compact DNA from a length scale of meters to
that of micrometers. In prokaryotes, DNA is packaged via supercoiling with
the help of a series of proteins known as nucleoid-associated proteins (NAPs).
5
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These proteins organize DNA by driving events such as DNA bending, bridging
and aggregation [28, 29]. Besides these DNA-binding proteins, non-functional
biomolecules are found to facilitate the DNA compaction through macromolec-
ular crowding [30, 31]. This crowding phenomenon is originated from the fact
of high concentrations of macromolecules inside a small volume. For instance,
Escherichia coli cell, with a cell volume of 0.6 – 0.7 µm3, can contain up to
4288 different types of proteins, giving a total concentration of macromolecules
of between 300 to 400 mg/ml [32]. These concentrated macromolecules occupy
a large proportion of the volume of the cell which reduces the volume of sol-
vent that is available for other macromolecules. This excluded volume effect
increases the effective concentration of macromolecules (increasing their chem-
ical activity), which in turn alters the rates and equilibrium constants of their
reactions. It has been shown that the crowding has major impact on transcription
and DNA replication [33, 34].
In short, mechanistic details of DNA compaction or condensation are es-
sential for its functioning in the process of gene regulation in living systems.
Therefore, DNA compaction in vitro serves as a model system for many pro-
cesses of physics, biochemistry and biology [35]. Furthermore, the study of





In most eukaryotic cells, the cytoplasm contains stationary elements such as fiber
lattices and membranes [37, 38].These structures, usually known as nanocon-
finement, affect macromolecular conformation through confinement in one or
two dimensions. Together with the crowding, the confinement plays a essential
role in DNA compaction and transportation. An integrated approach, in order
to understand the relation between confinement and crowding, has been realized
by advances in nanofabrication and biological techniques. The advanced nan-
odevices, fabricated via nanoslit electrospray emitters, photon lithography, and
so on, are usually call nanoslits, for exerting one-dimensional confinement, and
nanochannels, for applying two-dimensional confinement. Applications of these
devices include the development of a better genome analysis platform, gene map-
ping, separating DNA molecules, identification of protein-DNA interaction and
properties study of other species of single biomolecules under different condi-
tions [39, 40, 41, 42].
1.5 Thesis overview
The current chapter (Chapter 1) gives a general introduction of the background
and motivation of this thesis.
In Chapter 2, starting with the review of several general models for poly-
mers, the dynamics of entangled linear DNA is discussed. This gives a quantita-
tive prediction of various static properties of polymers such as the characteristic
size. These properties change with polymer concentration giving a scaling pre-
diction between above-mentioned properties and the concentration. Next, the
dynamic properties of polymers are introduced based on Brownian motion. Dy-
namic models for polymer motions in dilute, semidilute, and concentrated solu-
tions are discussed followed by an analysis of concentration dependence. Sub-
sequently, the materials and methods used in this project are introduced. All the
materials used in the project are introduced at the beginning, including λ -phage
DNA, DNA dyes, T4 DNA ligase (an enzyme used in quantum dot labeling), and
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buffers. Then, the experimental procedures are shown in the order of the time
that each step was carried out. These include DNA labeling with either quan-
tum dots or YOYO-1, entangled DNA solution preparation, and DNA molecules
tracking with fluorescence microscopy. The results and discussion are presented
at the end of this chapter. With a brief review of the data analysis, it is first shown
that the predicted mean square displacement with respect to lag time can be ex-
perimentally measured. Then the extracted local parameters pertaining to the
mean square displacement are presented. Finally the concentration dependences
of these parameters are discussed.
In Chapter 3, dynamics of entangled circular DNA is explored using fluo-
rescence microscopy. A general literature review on the dynamics of circular
polymers is presented in the beginning, including three existing models, rheol-
ogy studies, and self-diffusion coefficient reports. These studies emphasize the
impact of topology on the motion of polymers in the entangled regime. After a
description of experimental procedures which is the same as those for YOYO-1
labeled DNA mentioned in Chapter 2, the results of fluorescence microscopy of
circular cosmid DNA are delineated. These results are compared to that of linear
molecules and particle video tracking of colloid beads suggesting that entangled
closed-circular DNA can be treated as sphercal bead when the overall dynamic
properties is considered.
In Chapter 4, a detailed description of the last project, the DNA compaction
by like-charged protein inside nanochannels, is given. It contains the introduc-
tion and motivation, experimental methodologies, results and discussions. In the
first section, the background work related to the DNA compaction is reviewed.
In the second section, experimental processes including nanochannel fabrica-
tion, DNA sample preparation, and fluorescence microscopy with nanochannels
are described. In the final section, illustrations of the observations and possi-
ble explanation of the mechanism are discussed. Main findings are focus on
nanochannel facilitation of DNA condensation. The author of this thesis con-









Dynamics of Entangled Linear DNA
2.1 Introduction
The dynamical properties of DNA have an impact on many biological and biotech-
nological processes such as the replication of the genome and sizing in gel
electrophoresis. At high concentration, DNA molecules tangle and form a dy-
namic network. The motion of a molecule is strongly hindered by topologi-
cal constraints (entanglements) imposed by the presence of the other molecules.
The dynamics of entangled DNA can be described by reptation theory [4, 5].
This theory predicts that a linear molecule exhibits quasi one-dimensional dif-
fusion within a virtual tube representing the constraints exerted by surrounding
molecules. Reptation of entangled DNA has been shown by, among others, fluo-
rescence microscopy imaging, diffusion, and microrheology experiments [6, 21,
43, 44, 45, 46]. Furthermore, it has been shown that entanglements can be re-
moved by a double strand passage reaction catalyzed by topoisomerase type II
[47].
One of the predictions of the reptation model is that the mean square dis-
placement (MSD) of polymer segments follows power laws in various regimes
of the lag-time t according to
11




t1/4 τe t τR
t1/2 τR t τd
t1 τd  t
(2.1)
Here, τe is the time required for the onset of the effect of tube constraints,
τR is the Rouse time pertaining to the segmental motion within the tube, and
τd is the longest translational relaxation time for tube renewal. Especially, the
〈∆R2〉 ∝ t1/4 related to the Rouse dynamics inside the tube is a hallmark of rep-
tation. Due to the wide range of relevant relaxation times, from milliseconds for
τe to minutes for τd , the measurement of all four regimes in a single experiment
for a unique sample has proven to be elusive. Reptation of flexible polymers has
been investigated with computer simulation [22, 48, 49]. However, these studies
mainly focus on the shorter lag-time dependence of the MSD with 〈∆R2〉 ∝ t1/4
scaling, because the relaxation times for tube renewal become prohibitively long
for longer polymer chains [50, 51]. Clear t1/4 to t1/2 and t1/2 to t1 transitions in
the MSD of polystyrene with increasing molecular weight have been observed
with pulsed gradient spin echo NMR [52]. NMR experiments have shown how-
ever that the transitions between the different regimes are gradual and that in-
dividual power law dependencies do generally not extend over a broad range in
lag-times [53].
In the present contribution, the MSD of quantum-dot end-labeled λ -phage
DNA (48.5 kbp, contour length of 16.3 µm) is reported as monitored by fluores-
cence microscopy. The Rouse and tube disengagement times are swept through
the window of observation by an increase in DNA concentration from the semi-
dilute to the entangled regime. The window of observation here is such that
observation of the entire sequence of time scaling exponents at one concentra-
tion of DNA in a single experiment is achieved. From a fit of the prediction
of modified reptation theory to the data, the relaxation times (τR and τd under
contour length fluctuation), the inter-entanglement distance a, and the squared
end-to-end distance of the confinement tube Nb2 will be obtained. From fluores-
cence images of λ -DNA uniformly labeled with YOYO-1, the radius of gyration
12
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of the entangled DNA molecules as a function of concentration will also be ob-
tained. The molecular reorientation time will be derived from an analysis of the
orientation correlation of the radius of gyration tensor [54, 55]. The values and
concentration scalings of the various lengths and relaxation times will be derived
and compared to theoretical predictions for entangled polymer solutions.
13
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2.2 Theory and Literature Review
2.2.1 Static properties of polymers
The simplest model to describe a polymer is the ideal chain (or freely jointed
chain) model [56] which gives a fundamental framework for the conformation
of the polymer chain. Since every polymer is just a sequence of units called
monomers, the model considers a polymer as a chain connected by N monomers
with a fixed segmental length l, meaning the contour length L takes the form
L = Nl. In the ideal chain, the orientation of a specific segment is uncorrelated
with that of the other segments. Furthermore, there are no interactions between
segments which are not directly linked with each other (no long-range excluded
volume interactions). Base on the model, the characteristic size of the molecule
can be estimated by the root-mean-square end-to-end distance RF (or sim-
ply end-to-end distance), the average of the squared distance between the first
segment and the last segment of the chain, or the root-mean-square radius of
gyration Rg (or simply radius of gyration), the second moment of the mass
distribution around the center of mass. These two values take the form






Ll ideal chain,N 1 (2.2)
If the orientation correlation between segments which are not too far separated
from each other along the contour is considered, the chain is called Kuhn chain
[56]. In this chain, the effect of the short-range orientation correlation between
the segments can be eliminated by renormalization of the segment length and
number of segments by a factor σk which is related to the correlation. The renor-
malization, Nk = N/σk and lk = lσk given that the contour length should not
change, results in a unchanged form of end-to-end distance expression
〈R2F〉= Nl2σk = Nkl2k = Llk, Kuhnchain,N 1 (2.3)
where Kuhn segments represent the renomalized monomors with a segment length
lk and the total number of segments is Nk. Accordingly, the segment length has
been renormalized in such a way that there is no short-range orientation corre-
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lation between the Kuhn segments. Then the Kuhn chain can be treated as ideal
chain.
Gaussian chain model
In the statistical distribution of the end-to-end vector, the local structure of the
chain appears only through the effective segment length (l in ideal chain or lk in
Kuhn chain). If only the global properties of polymers are interested, a chain can
be considered to have a segment length following Gaussian distribution. Such
a chain is called the Gaussian chain [56]. The Gaussian chain has the advan-
tage that it is much easier to handle mathematically than the other two models.
Furthermore it has the same distribution of end-to-end distance as an ideal chain
and a Kuhn chain meaning that it can correctly describe the property on large
length-scale. However, it does not describe correctly the local structure of the
polymer. An important property of the Gaussian chain is that the distribution of
distance vector between any two segments is also Gaussian.
Worm-like chain model
In the ideal and Kuhn chain models, the most important property of a polymer
chain, which is its flexibility, is concentrated at the connection points of the
segments. However, very often a polymer, such as DNA, can be described by a
thin, elastic filament obeying Hooke’s elasticity law under small deformations.
Such model of a polymer chain is called the persistent or worm-like chain
model. The model introduces a parameter called persistence length Lp which is
the typical length scale over which the orientation correlation is lost. This length





where kT is the thermal energy. It can be shown that a short filament with a
contour length L≤ Lp has a thermally averaged bending energy 〈U〉= kT in ac-
cording with the equipartition theorem. So the persistence length is also a length
scale that the bending energy is equal to kT . In the case of DNA, the persistence
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length is around 50 nm, which corresponds to 150 base-pairs. According to the
worm-like chain model, the characteristic size of the molecule takes the form
[57]
〈R2F〉= L2, L Lp










Compared with the relevant expression of the Kuhn chain (Eq. 2.3), it follows
that lk = 2Lp. By definition, there is no orientation correlation between Kuhn
segments, thus the orientation correlation is lost over a distance of twice the
persistence length.
Excluded volume interaction
The interaction among the polymer segments discussed so far is limited to within
a few neighbors along the chain. In reality, however, segments separated over a
long distance along the chain interact if they are close together spatially. An
obvious interaction is repulsion. Since segment has a finite volume, the other
segments cannot enter the same space. This interaction swells the polymer; the
characteristic size of a molecule with such a interaction is larger than that of the
ideal chain which has no such interaction. This effect is called excluded volume
effect. The swelling of the chain by this repulsive interaction is counter balanced
by the elastic force due to the restriction from the connectivity of the segments
resulting in a finite increase of the size of the chain. The excluded volume effect
was first discussed by Kuhn [58] and later developed by Flory [59, 60]. They’ve
shown that the effect changes the statistical property of polymers entirely. The
end-to-end distance becomes, 〈R2F〉 ∝ N2ν , where ν is called Flory exponent.
This gives
RF ' Rg ' lNν (2.6)
where ν depends on solvent conditions and the concentration of polymer so-
lutions. Here the notation ' indicates a proportinal constant is omitted in the
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equation. In a dilute solution with good solvent, the exponent takes the value
around ν = 3/5 (more precise estimation from computer simulation gives 0.588
[61]). Note that even though the Flory exponent ν shows excluded volume inter-
action greatly changes the properties of long polymers, the ratio of 〈R2F〉 to 〈R2g〉
is insensitive to the excluded volume effect.
Dilute and concentrated regimes
In general, polymers such as DNA dissolved in a good solvent can be divided
into three regimes: dilute, semi-dilute and concentrated. Both static and dynamic
properties of polymers vary dramatically among different regimes. In dilute solu-
tion, the polymer concentration is sufficiently low so that polymers are separated
from each other and each polymer on average occupies a spherical region of ra-
dius Rg. As the concentration increases, the polymer coils come closer and start
to get in contact with each other at a critical concentration called the overlap
concentration c∗ (mass concentration, expressed in g/L for instance). Since the
average volume occupied by one molecule is M/cNA, the overlap concentration







where M is the molecular weight. If the concentration exceeds c∗, the solution is
semidilute in which the chains begin to interpenetrate and the individual coils are
no longer discernible. The polymer solution can then be described by a system
of closely packed domains of decreasing size and decreasing number of links
per domain with increasing concentration. These domains can be considered as
spherical spaces called blobs. For each blob, its size ξ is a correlation length
scale within which the statistics of the polymer segment is unperturbed by the
presence of the other chains. So the subchain within a blob behaves as an isolated
chain. Suppose the number of segments inside each blob is g (usually g N)
then
ξ ' lgν (2.8)
according to Eq. 2.6. The entire chain can be considered as a linear sequence of
N/g blobs. It can also be considered as a renormalized chain with N/g segments
17
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of length ξ . The blob concept works well in the semidilute regime, however,
it fails when concentration gets too high. As c∗ separates dilute and semidi-
lute regime, there is a crossover concentration from semidilute to concentrated




where Ms is the molecular mass of one segment. Above c∗∗, the segments be-
come congested resulting in that g is on the order of N. In this case, the con-
cept of blob is no longer applied. It should be noted that this classification is
conceptual. The transition between various regimes is usually not sharp, and
experimentally it is often difficult to identify the crossover concentration.
2.2.2 Dynamic properties of polymers
So far the static properties of polymers have been discussed. In this section, the
dynamic properties of polymer chains are reviewed based on Doi-Edwards The-
ory [5]. Polymers in solutions incessantly change both their shapes and positions
randomly by thermal agitation. This random movement is referred to Brownian
motion that dominates various time-dependent phenomena in polymer solutions
such as viscoelasticity, diffusion, birefringence, and so on. Thus, it is necessary
to have a review of the fundamental Brownian motion.
Brownian motion
Brownian motion was first discovered by Robert Brown, a Scottish Botanist,
in 1827 when he looked at particles found in pollen grains in water through a
microscope. Later in 1905, it was theoretically explained by Einstein that this
phenomenon is due to the intrinsic thermal fluctuations resulting from the ran-
dom collision of pollens with the water molecules. Now Brownian motion is
found to be a universal motion which exists for all suspensions in a liquid. The
phenomenological equation for Brownian motion has two seemly different, but
essentially the same, forms, i.e. the Smoluchowski equation and the Langevin
equation. The Smoluchowski equation is derived from the generalization of
18
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the diffusion equation and has a clear relevance to the thermodynamics of ir-
reversible processes. The Langevin equation, on the other hand, has no direct
relationship to thermodynamics, but it is capable of describing wider classes of
stochastic processes.
The effect of Brownian motion appears most clearly in a phenomenon called
diffusion. A distinguishing feature of diffusion is that it results in mixing or
mass transport, without requiring bulk motion. The process of diffusion is phe-
nomenologically described by Fick’s law, which says that if the concentration is
not uniform, there is a flux proportional to the nagative spatial gradient of the
concentration. This flux is due to the fluctuations of the velocities of randomly
moving particles. Together with the continuity equation, the well known diffu-







where x represents the displacement at this dimension, c represents the concen-
tration at x and time t, and D is a constant called diffusion coefficient. For the
sake of simplicity, only one dimensional diffusion is shown above. The diffusion








where ∆x(t) = x(t)− x(0). The first moment is seen to vanish, 〈∆x(t)〉 = 0,
meaning that the Brownian particle has equal probability to move to the left as it
has to move to the right. The second moment is, however, non-vanishing, being
given by
〈∆x(t)2〉= 2Dt (2.12)
where 〈∆x(t)2〉 is called mean square displacement (MSD) which can be mea-
sured experimentally. If there is an external potential U(x) such as particles in a





where ς is called the friction constant and its inverse 1/ς is called the mobility.
The friction constant is given by ς = 6piηr for a spherical particle with a radius
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of r in a fluid with viscosity η . The relation shown in Eq. 2.13 is called Einstein
relation. Using this relation and the modified Fick’s law according to external













This is the Smoluchowski equation. The same argument discussed above will
also hold for the probability distribution function P(x, t) which represents the
probability that a particle is found at position x and time t, since P(x, t) can be
considered as a normalized concentration.
An alternative description of Brownian motion is to study the equation of







+ f (t) (2.15)
where f (t) represents the sum of the forces due to the incessant collision of the
fluid molecules with the Brownian particles. If the distribution of f (t) is assumed
to be Gaussian characterized by the moment
〈 f (t)〉= 0, 〈 f (t) f (t ′)〉= 2ςkBTδ (t− t ′) (2.16)
the distribution of x(t) determined by Eq. 2.15 satisfies the Smoluchowski equa-
tion.
Rouse model
With the general background of Brownian motion, the dynamics of a polymer
in a dilute solution shall be introduced. The basic model for polymer dynamics
is Rouse model which was first proposed by Rouse [62]. In this model, a poly-
mer chain is represented by a set of beads connected by springs along the chain.
The dynamics of the chain is modeled by the Brownian motion of such beads.
So the polymer chain can be considered as a set of coupled harmonic oscillators
which are damped by the surrounding liquid. By modeling a polymer in such a
simplified way, two forces which act on each bead of the chain can be immedi-
ately visualized. The first force is generated by the harmonic potential, which
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expresses the entropic free energy associated with the polymer chain conforma-
tion, and the second force is the fluctuating random force due to the Brownian
collisions of surrounding solvent molecules. It should be noted that the excluded
volume interaction and the hydrodynamic interaction are disregarded here. Sup-
pose {Rn(t)} ≡ (R1,R2, ...,RN) is the positions of the beads. Then the equation


























where ς is the bead friction, I is the identity matrix, and k is the spring constant.





where b is the effective bond length which is usually represented by Kuhn length




=−k(2Rn−Rn−1−Rn+1)+ f n (2.21)








The distribution of the random force is f n is Gaussian, characterized by the mo-
ments given by Eq. 2.16:
〈f n(t)〉= 0
〈 fnα(t) fmβ (t ′)〉= 2ςkBTδmnδαβδ (t− t ′)
(2.23)
where α and β denote different dimensions and n and m denote the index num-
bers of beads. The suffix n here can be regarded as a continuous variable making
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discrete Rouse model to continuous Rouse model. It is a useful approximation
when N is sufficiently large and time t is sufficiently long. The characteristic



















And the moments of the random forces becomes
〈f n(t)〉= 0
〈 fnα(x) fmβ (t ′)〉= 2ςkBTδ (n−m)δαβδ (t− t ′)
(2.26)
Normal modes are usually used to treat the system described above. The normal










Rn(t) with p = 0,1,2, ..., (2.27)
Each mode, p, represents a step in resolution of the chain configuration, or a
capable of independent motion. The 0th mode represents the capable of the mo-
tion of the whole chain, so the 0th mode coordinate is essentially the motion of
the polymer’s center of mass. Higher modes reveal the motions of fine structure
of the polymer and the highest mode reflects the mean change of Rn(t) due to
fluctuation in one segment of the polymer. The time correlation functions of the
normal coordinates can be calculated from the simplified Langevin equation Eq.













Here τ1 is usually referred to the longest translational relaxation time. On the
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dnRn = X0. (2.31)
Thus, the mean square displacement of RG is calculated
〈(RG(t)−RG(0))2〉= ∑
α=x,y,z
〈(X0α(t)−X0α(0))2〉= 6kBTNς t. (2.32)










Note that Eq. 2.33 is for three dimensional space and Eq. 2.12 is for one di-
mension. That is the reason why there is a factor of 3 difference in the prefactor
between these two equations. The normal coordinate Xp with p > 0 represents
the internal conformation of the polymer. So it can be used to analyze the rota-
tional motion of polymers. Since the most probable shape of the Gaussian chain
is not sphere but an ellipsoid, the long axis is, on average, parallel to the end to
end vector. Thus, even for flexible polymers, the rotational motion can be re-
vealed by the time correlation function of the end-to-end vector. With the end to
end vector expressed by Xp,
〈P(t)〉 ≡ RN(t)−R0(t) =−4 ∑
p:odd interger
Xp(t) (2.35)
the time correlation function is calculated from Eq. 2.28 and Eq. 2.35 as














Eq. 2.36 indicates that the motion of the end-to-end vector is mainly governed
by the first mode X1. In general, Xp represents the local motion of the chain
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which includes N/p segments and corresponds to the motion with the length
scale of the order (Nb2/p)1/2. The rotational relaxation time τr of a polymer can
be defined by the longest relaxation time of the correlation function
〈P(t) ·P(0)〉∝ exp(−t/τr) for t & τr. (2.37)
From Eq. 2.36 and Eq. 2.29, the following result is obtained




which indicates the rotational relaxation time and the translational relaxation
time are the same. Note that the situation discussed here is only suitable for the
dilute polymer solution since it does not include inter-chain interaction.
For simplicity, in the Rouse model, the hydrodynamic interaction and ex-
cluded volume interaction is neglected, which leads to the failure of describing
the motion of real polymer chains in a dilute solution. Experiments show that
different solvent condition gives different scaling behaviour of DG and τr with
respect to molecular weight M. These results do not agree with the prediction of
Rouse model. The Zimm model [63], however, fixes these problems by taking
into account those important interactions. The detailed calculations of the Zimm
model is much more complicated than that of the Rouse model. Even though the
Rouse model fails to describe the case of polymer coils in a dilute solution, it be-
comes more accurate and very important when the hydrodynamic interaction and
excluded volume effects are screened, for instance in some cases of semidilute
and concentrated solutions [64].
Reptation model
In the previous section, the basic dynamic theory for the dilution polymer solu-
tions is reviewed. In this section, the focus of this project, dynamics of entan-
gled polymers is discussed. As mentioned before, semidilute and concentrated
polymer solutions are described as many chains system which is extremely con-
gested. The polymers are usually highly entangled revealing totally different
dynamics from that of polymers in dilute solutions. One major approach that has
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Figure 2.1: Concept of the reptation model. The bold line represents a strand of
polymer and thin lines represents other polymers surrounding it. (a) The strand
in entangled polymer solution. (b) Schematic picture of (a): the strand under
consideration is placed on a plane and the other strands intersecting the plane are
shown by dots. (c) The virtual tube model where the tube is represented by solid
lines. A0 and B0 are the two ends of the strand. (d) Motion of the virtual tube
where A and B represents the position of the two ends of the strand after some
time. Primitive path is shown in dashed lines in figure (c) and (d) inside the tube.
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been widely accepted is reptation model. This model was first proposed by de
Gennes in 1971 [4] utilizing the virtual tube concept presented by Edwards in
1967 [65, 66], and eventually summarized to a self-consistent set of quantitative
equations and scaling laws in 1986 [5]. Here, the physical concept of reptation
model is introduced to illustrate the general picture. Then, detailed quantitative
equations will be discussed later which is useful to extract valuable parameters
experimentally.
Consider an entangled polymer solution which consists of long strands of
molecules. One polymer chain in such a system is schematically shown in Fig-
ure 2.1(a). Other interacting chains can be regarded as dots on the plain that
this polymer is occupying as shown in Figure 2.1(b). Due to the topological
constraints from surrounding molecules, the strand cannot cross the dots. For a
certain moment the other chains are frozen or they move very slowly, so these
dots can be regarded as fixed obstacles. In this case, the strand is almost confined
in a tube-like region formed by the dots, which is shown in Figure 2.1(c). The
conformations which go outside the tube are likely to violate the topological con-
straints. Under the picture, a primitive path can be defined as the shortest path
connecting the two ends of the strand with the same topology as the strand itself
relative to the obstacles. Such path is displayed in the dash lines alone the virtual
tube in both Figure 2.1(c) and (d). Furthermore, the primitive path represents a
group of conformations which are accessible to each other without violating the
topological constraints imposed by the other polymers. In the short time scale,
the movement of the polymer is regarded as wriggling around the primitive path.
In the long time scale, the motion of the polymer is supposed to be along the
primitive path resulting in repeatedly destroying old tube and creating new tube.
For instance in Figure 2.1(d), if the chain moves right, the part B0B can choose
a random direction and create a new part of the tube which will be a constraint
for the rest of the chain, while the part of previous tube A0A is destroyed and
disappears. The type of motion is called reptation. Even though the concept of
reptation still remains a matter for debate, many experimental results [67] sug-
gest that reptation is the dominant mechanism for the dynamics of a linear chain
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in highly entangled state.
Based on the reptation concept, quantitative analysis of the model can now be
done. Even though the reptation picture seems clear, the mathematical treatment
of the problem is till complicated because the time evolution of the primitive path
is governed by the wriggling motion of the polymer, and the wriggling motion
itself is limited by the primitive path. So two major assumptions have to be made
regarding to the polymer chain:
1. The intrinsic properties of the polymer are represented by the Rouse model
consisting of N segments with bond length b and friction constant ς , since
the hydrodynamic interaction is screened in entangled polymer solutions.
2. The obstacles are assumed to be thin lines, so they have no effect on static
properties, but have a serious effect on dynamical properties by imposing
topological constraints.
If only large scale motion of long chains are interested, small scale fluctuations
can be disregarded, and only the time evolution of the primitive path is needed to
be addressed. For this purpose, assumptions also need to be made to characterize
the primitive path.
1. The primitive path has constant contour length L.
2. The primitive path can move back and forth as one dimension Brownian
motion only along itself with a certain diffusion constant Dc.
3. The correlation of the tangent vectors u(s, t) and u′(s, t) decreases quickly
with |s− s′|.
The first assumption neglects any fluctuation of contour length. The second as-
sumption makes sure the motion of the primitive path is reptation. The third
assumption guarantees that the conformation of the primitive chain becomes that
of a Gaussian chain on a large length scale. The mean square displacement be-
tween two points on the primitive path can be written according to the Gaussian
chain as
〈(R(s, t)−R(s, t)2〉= a|s− s′| for |s− s′|  a (2.39)
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Figure 2.2: The primitive chain moves a distance ∆ξ (t), the segment s moves
along the chain to where the segment s+∆ξ was at time t
where a denotes a new parameter called step length of the primitive chain. Then
the primitive path is characterized by three parameters L, Dc, and a, which should
be expressed by the actual Rouse chain parameters N, b, ς , and the parameters
characterizing the network. Indicated by the first assumption of primitive chain,
the length L should be expressed by a since the mean square end to end vector of
the primitive chain, which is La according to Eq. 2.39, must be the same as that





As stated by the second assumption of primitive path, the diffusion coefficient





because the motion of the primitive path corresponds to the overall translation
of the Rouse chain along the tube. The third assumption of the primitive path
defines a new parameter, step length a, which depends on the statistical nature
of the network. Then, the motion of one segment on the primitive path in a large
scale can be analyzed. The mean square displacement of a segment s on the
primitive path is 〈(R(s, t)−R(s,0))2〉. Since the primitive path reptates, if the
primitive chain moves a distance ∆ξ (t), the segment s moves along the chain to
where the segment s+∆ξ was at time t (Figure 2.2). The variable ∆ξ (t) takes
random values and follows a Gaussian distribution.
〈∆ξ (t)〉= 0 〈∆ξ (t)2〉= 2Dc∆t (2.42)
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In order to calculate 〈(R(s, t)−R(s,0))2〉, a more convenient way is to evaluate
the time correlation function,
φ(s,s′; t) = 〈(R(s, t)−R(s′,0))2〉 (2.43)
which leads to
φ(s,s′; t+∆t) = 〈(R(s+∆ξ (t), t)−R(s′,0))2〉= 〈φ(s+∆ξ (t),s′; t)〉 (2.44)
Using Eq. 2.44 and Eq. 2.42, the following expression can be derived
∂
∂ t




which is essentially a diffusion function of the segment. To solve Eq. 2.45, the
initial condition is given by Eq. 2.39,
φ(s,s′; t)|t=0 = |s− s′|a. (2.46)
The boundary condition is given by the chain ends, that is, the distribution of the
tangent vectors at the chain ends are independent of the previous conformation
of the primitive chain since their correlation time is infinitesimal.
∂
∂ s
φ(s,s′; t) = a at s = L
∂
∂ s
φ(s,s′; t) =−a at s = 0.
(2.47)
The solution of Eq. 2.45 with the initial condition Eq. 2.46 and the boundary
conditions Eq. 2.47 is




















which gives the mean square displacement of the segment s













[1− exp(−t p2/τd)] (2.49)
where τd denotes the translational longest relaxation time pertaining to the
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Eq. 2.49 indicates two simple extreme cases:
(a) For t τd , φ(s,s; t) is dominated by the first term, so that
φ(s,s; t)≡ 〈(R(s, t)−R(s,0))2〉= 2a
L
Dct ∝ t (2.51)








This shows that in the longest time scale, the segmental displacement is so large
that the dynamics is dominated by the diffusion of center of mass of the primitive
chain.
(b) For t  τd , the dominated terms in Eq. 2.49 are that with large p in the
summation. By replacing cos2(ppis/L) by the average 1, and converting the sum







·1 · (1− exp(−t p2/τd)
= 4a(Dct/pi)1/2 ∝ t1/2
(2.53)
Note that replacing cos2(ppis/L) by the average 1 indicates that the segment
isl at the end of the primitive chain. However, this does not affect the scaling
behaviour of φ(s,s; t) with respect to t no matter which segment is considered.
Although the primitive path approach successfully describes the reptation
dynamics for longer times, as mentioned before, it does not capture small scale
fluctuations for shorter times. In the shorter time scale, the segmental displace-
ment is on the order of virtual tube. This indicates that the motion of the Rouse
segment perpendicular to the primitive path is restricted, but the motion along
the primitive path is free. The dynamics in this situation can be treated through
a one dimensional Rouse motion on the curvilinear primitive path. As discussed
in the previous section, the normal modes coordinates Yp in the dimension along











for p = 1,2, ... (2.54)
30
2.2. THEORY AND LITERATURE REVIEW
Then, the mean square displacement along the tube is calculated according to
Eq. 2.30, Eq. 2.32, and Eq. 2.36














where τR is the Rouse relaxation time given by Eq. 2.29. Compared with Eq.
2.50, τR is related to τd through τd/τR = 3Nb2/a2 = 3Z where Z is called the
number of steps in the primitive chain, Z = L/a = Nb2/a2. Eq. 2.55 also gives
two extreme cases as the primitive path discussed previously:
〈(sn(t)− sn(0))2〉 '
{
kBTt/Nς t ≥ τR
(kBT b2t/ς)1/2 t ≤ τR
(2.56)
The mean square displacement φn(t) can be then estimated using Eq. 2.39,





















and the extreme cases become
φn(t)'
{
a(kBTt/Nς)1/2 ∝ t1/2 t ≥ τR
a(kBT b2t/ς)1/4 ∝ t1/4 t ≤ τR
(2.59)
In the shortest time scale, the segment motion is not restricted by the constraints
of the virtual tube since it does not have enough time to diffuse to the tube di-
ameter. So the dynamics can be characterized by the Rouse model in free space.













(1− exp(−t p2/τR)) (2.60)
with the same approximation in previous equations,
φn(t)' (kBT b2t/ς)1/2 ∝ t1/2 (2.61)
a new characteristic time, τe, can be defined to denote the onset of the effect of
tube constraints.
a2 ' φn(τe)' (kBT b2/ς)1/2τ1/2e (2.62)
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i.e.,
τe ' a4ς/kBT b2 (2.63)
To summarize the dynamics of segments in all time range, the notation of the
mean square displacement of segmental motion is unified as 〈∆R2〉, so that 〈∆R2n(t)〉≡





t1/4 τe t τR
t1/2 τR t τd
t1 τd  t
(2.64)
Figure 2.3 displayed the schematic behaviour of 〈∆R2〉 with respect to time t
described in Eq. 2.64. It shows the different scaling behaviour of 〈∆R2〉 in
different time scale. Specifically, the cross over points between neighbouring
regions can give values of critical parameters which characterize the dynamic
properties of polymer solution. It has to be emphasized that Figure 2.3 only
shows the limiting situation of reptation predictions, that is, straight lines with
crossing points. The actual curve predicted by Eq. 2.49 and Eq. 2.58 in a
logarithmic plot should be smooth with in all cross over regions. Furthermore,
the smooth curve prediction complies with experiment results. Therefore, the
linear function in different time scales should not be used for extraction of those
parameters, and a close examination of the equations should be performed.
Rheology
The reptation model predicts how polymer moves in an entangled state which is
closely related to the stress strain response of the material. Due to technical lim-
itations, the reptation model was tested by measuring the stress strain response
in early days. In general, the stress strain response is characterized by two prop-
erties, that is, elasticity and viscosity. Elastic materials strain when stretched and
quickly return to their original state once the stress is removed. Viscous materi-
als resists shear flow and strain linearly with time when a stress is applied. The
mechanical properties of an elastic solid obeys Hooke’s law, that is, the stress ap-
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Figure 2.3: Mean square displacement 〈∆R2〉 of a chain segment is plotted loga-
rithmically against time t. The Latin numbers denote the power exponents with
respect to t. The Roman numbers denote the different time regions stated in Eq.
2.64
plied to a solid is directly proportional to the strain. A viscous fluid obeys New-
ton’s law, that is, the stress is directly proportional to the rate of strain. However,
polymer solutions are both elastic (corresponding to energy storage) and viscous
(corresponding to energy loss) and thus are categorized as viscoelastic materials.
The strain response, whether it is elastic or viscous, is highly dependent on the
frequency of the stress. Rheology is the science studying deformation and flow
properties of matters [68]. In this thesis, only basic and reptation related theory
of rheology will be reviewed.
The viscoelastic property, or viscoelasticity, is characterized by shear relax-
ation modulus G(t). In general, it connects the stress (tensorial pressure) σ and








where α and β denote different dimensions. For different types of stresses, G(t)
takes different forms. Three typical situations are now briefly presented in Figure
2.4.
1. Stepwise shear (Figure 2.4(a)). In this case, the sample is deformed instanta-
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Figure 2.4: Three typical situations of stress strain responses: (a) Stepwise shear,
(b) Oscillatory shear, and (c) Creep. γ(t) represents the time dependent strain and
σ(t) represents the time dependent stress
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neously at time t = 0 which gives the shear strain γ(t)
γ(t) =
{
0 t < 0
γ0 t > 0.
(2.66)
The corresponding stress is given by Eq. 2.65
σxy(t) = γ0G(t) (2.67)
which provides a direct determination of G(t).
2. Oscillatory shear (Figure 2.4(b)). In this situation, the shear strain is alter-
nating with a constant frequency ω
γ(t) = γ0 cos(ωt) = γ0Re(eiωt). (2.68)
The response of this type of deformation defines the elastic storage modulus
G′(ω), viscous loss modulus G′′(ω) and the complex modulus G∗ (ω),
σxy(t) = γ0(G′(ω)cos(ωt)−G′′(ω)sin(ωt))≡ γ0Re(G∗(w)eiωt) (2.69)
where












3. Creep (Figure 2.4(c)). In this scenario,s a constant shear stress σ0 is applied


















With the basic knowledge of rheology and reptation model, shear relaxation
modulus G(t) in the linear regime can be obtained.
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For short time t (t ≤ τe), the dynamics is dominated by the Rouse model and













(t < τe) (2.74)





where M is the molecular weight of the polymer.
For t ≥ τe, the Rouse movement is constrained by the virtual tube. According
to reptation model, the relaxation generally involves two processes, the relax-
ation of the contour length and the disengagement from the deformed tube, each
being characterized by the time τR and τd respectively. In the linear regime, only
second process should be taken into account. In this case, the stress is propor-
tional to the fraction of the polymers confined in the deformed tube (Eq. 2.36),




exp(−p2t/τd) (t ≥ τe) (2.76)
where the constant G(0)N is the plateau modulus, that is, the value G(t) is taken
when G(t) exhibits a plateau for τe < t < τd . At t ' τe, the Rouse behaviour (Eq.

















where Eq. 2.29 and Eq. 2.63 are used. The shear relaxation G(t) calculated here
is for highly entangled solution (polymer melts), however, the same picture still
hold in semidilute and concentrated solutions. Eq. 2.77 can be used to evaluate
local parameters, i.e. step length a, with experimentally measureable properties,
i.e. G(0)N .
2.2.3 Concentration dependence
As mentioned in section 2.2.1, concentration plays a very important role in the
static and dynamic properties of polymer solutions. It determines the intrinsic
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dynamics of polymer solutions. In dilute regime, the Zimm model holds; In
semidilute and concentrated regime, the reptation model dominates. Further-
more, within each regime, concentration has significant influence on varieties of
parameters that characterize the polymer solution especially in semidilute and
concentrated regime. Since interaction between different polymers dominates in
this entangled regime, polymer concentration dramatically affects both static and
dynamic properties of the system. In this section, concentration dependence of
several parameters in this regime will be discussed via scaling theory.
The first parameter considered here is the most important static property of
polymer solution, that is, the size of the molecule, i.e., Rg. In the dilute regime,
polymers are separated far away from each other, so the size of a single polymer
is only dependent on temperature, pH, and salt concentration rather than the
polymer concentration. However, in semidilute and concentrated regime, the
size of the polymer will decrease because of the constraints from other polymers.
According to reptation model, the polymer chain is assumed as Rouse chain, so
the size is given by
R2g ' Nb2. (2.78)
The segments of the Rouse chain can be expressed by blobs. According to blob
theory, N is the number of blobs and b is the size of a single blob where N ' g−1
and b ' lgν (Eq. 2.8). When polymer concentration is higher than the overlap
concentration c > c∗, the blobs occupy the whole volume of the solution without
voids. Therefore, the monomer concentration in the blob should be on the same
order as the monomer concentration of the whole solution [57],
g
b3
' ck ' c (2.79)
which gives
b' c ν1−3ν or g' c 11−3ν (2.80)




' b2−1/ν ' c 2ν−11−3ν . (2.81)
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For a good solvent, the Flory exponent takes ν = 0.588 which gives R2g ' c−0.23
or Rg ' c−0.115. The minus sign in the exponent indicates that the polymer keeps
contracting as the polymer concentration increases.
The second parameter, the translational longest relaxation time τd , character-
izes the reptation dynamics. If time is invariant under the scaling transformation,





Then the concentration dependence can be determined by the fact that Eq. 2.82








which gives τd ' c1.62 when ν = 0.588. Same strategy can be used to treat the
steady state viscosity η0 and the plateau modulus G
(0)
N [5]:

























which implies η0 ' c3.93 and G(0)N ' c2.3 when ν = 0.588.
Finally, the step length a is under estimation. Although precise calculation
of this parameter is difficult, it is obvious that a is of the order of the mesh size





where a0 is the virtual tube diameter and α1 is a certain factor depending on the
structure of the network. However, Eq. 2.87 does not explicitly show the con-
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In the review of Rubinstein on polymer dynamics [69], three models have been
summarized regarding to the concentration dependence of a including the one
discussed above. These models are based on three different assumptions:
Model 1: the number of entanglement strands per entanglement volume is con-
stant [70]
a' c−3/4 (2.89)
Model 2: the number of binary contacts for strands is constant [71]
a' c−5/8 (2.90)
Model3: The number of binary contacts per entanglement volume is constant
[72]
a' c−2/3 (2.91)
These scaling behaviours are for systems with good solvents and the Flory expo-
nent used is ν = 3/5.
2.2.4 Modification of reptation theory
As discussed previously, the reptation model is based on several assumptions
which so far are oversimplified. The most fundamental assumption simplifies
the polymer network as fixed thin lines which does not affect the static proper-
ties of the tagged polymer. However, the network in actual polymer solutions
does not settle and the life time of the obstacles is finite. Another assumption
describes primitive path with a fixed contour length. Nevertheless, in reality the
contour length fluctuates with time and this fluctuation plays an important role in
various dynamic processes. Extensive experimental studies on polymer solutions
in semidilute regime shows discrepancies with reptation model. For instance, the
predicted molecular weight dependence η0'M3 and τd 'M3 is weaker than the
experimental measured exponent ranging from 3 to 3.7 [73, 74]. Moreover, the
molecular weight dependence of the diffusion coefficient also differs from the
reptation theory [75, 76]. Therefore, several modifications to the original rep-
tation theory have been proposed which bring scaling predictions closer to the
experimental observations, yet the relation between both observations and the
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Figure 2.5: Schematic present of constraint release dynamics. Bold line repre-
sents a tagged strand. Thin lines represents surrounding strands which exert the
topological constraint. The intersection between the surrounding strands and the
plane are shown by dots. (a) The topological constraint imposed on the polymer
A by C is released and then recreated by the motion of C, yet constraints im-
posed by chain B and D remain. (b) The two-dimensional representation of (a).
The process is represented by the disappearance and reappearance of the middle
obstacle. This process causes the deformation of the virtual tube.
theory is not fully understood. In this section, two major modifications which is
closely related to the dynamic properties of polymer solution is reviewed, that is,
constraint release and contour length fluctuations.
Constraint release
The concept of constraint release is schematically shown in Figure 2.5. In a real
entangled polymer solution, the topological constraints imposed on every chain
by other chains may be released and recreated by the reptation motion of the
surrounding chains. Constraint release proposes two models regarding to this
process: tube reorganization and tube dilation. The first model treats the vir-
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L L(t)
l(t) l’(t)
Figure 2.6: Schematic present of contour length fluctuation. Left: Fluctuation
of the contour length is not considered. L represents the initial contour length of
the primitive path, l(t) represents the dynamic path length feels by the reptating
polymer. Right: Fluctuation of the contour length is considered. L(t) repre-
sents the instantaneous contour length of the primitive path, l′(t) represents the
dynamic path length feels by the reptating polymer under fluctuation.
tual tube itself as a Rouse chain with monomers of a size of the tube diameter
and a jump time proportional to the lifetime of the obstacles. Thus the tube rep-
tates along with the polymer chain inside at the same time. The relaxation of the
chain then results from two relatively independent dynamic motions, the repta-
tion of the chain inside the tube depending on the tagged chain dynamics, and
the reptation of the virtual tube depending on the environment of the network.
Although the tube reorganization is shown to have little effect on diffusion prop-
erties [77, 78], it can significantly affect viscoelastic properties [79]. The second
model considers a situation that the time taken by a chain to explore the volume
between obstacles is longer than the lifetime of these obstacles. In this case, the
obstacles become irrelevant to the dynamics of the chain and it feels a tube di-
lated up to the scale at which its dynamics eventually becomes comparable with
the lifetime of the “walls” of the virtual tube. This concept was initially regarded
as an alternative treatment of tube reorganization, however in the later times, it
was recognized as an independent process [80].
Contour length fluctuation
Constraint release has a great influence on viscoelastic properties. Contour length
fluctuation (CLF) on the other hand dramatically affects the dynamics properties
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of polymers. One of the effects of contour length fluctuation is schematically
shown in Figure 2.6 with two situations. Left figure represents the motion of the
chain with a fixed contour length; Right figure displays the same case with con-
tour length fluctuation. Obviously, the dynamic path length l′(t) with fluctuation
decreases much faster than that without, that is, l′(t) < l(t). The quantitative
estimation can be done as follows. The time dependent contour length of the
primitive chain is defined by
L(t) = sN(t)− s0(t). (2.92)
The dynamics of sn are described by the Langevin equation for the Rouse model
with a modification on the boundary conditions. In the present case, the equilib-
rium average of the contour length is L:
〈SN−S0〉= L. (2.93)
However, in the Rouse model the corresponding quantity is 〈RN −R0〉 = 0. So






at n = 0 and N. (2.94)
Then, the Langevin equation for the Rouse model can be solved by using normal
modes approach. Using the notations in Eq. 2.54, the time correlation functions
for the normal modes Yp are





which give the contour length of the primitive chain as
L(t) = sN(t)− s0(t) = L−4 ∑
p:odd
Yp(t). (2.97)
Then the contour length fluctuation is given by
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where ∆L is the average of the fluctuation. So the contour length fluctuation
becomes negligible for very large Z (the number of steps), yet it is not the case
in usual circumstances in which Z is typically less than 100. One of the conse-
quences is found in the disengagement time τd . Suppose τNFd is the disengage-












Precise calculation of τFd requires the first passage problem in multidimensional
phase space. A variational calculation [81] for the Rouse model shows that X
is larger than 1.47. Hence, if Z is less than 100, contour length fluctuation is
significant. A later approach to the contour length fluctuation was suggested by
Milner & McLeish [82]. The fluctuation is based on the theory of star polymer
dynamics [83] which was extended linear polymers by treating them as a two
branched star. Both the fast relaxation of the contour length fluctuation and
the slow relaxation due to reptation are taken into account. The fluctuation is
modeled by a retraction and sliding of the arms from the old configuration to a
new one with a characteristic time scales as ' N4 while the slow reptation has a
characteristic time scaling as ' N3.
By introducing a contour length fluctuation (CLF) factor β , CLF can be di-
rectly factored in the mean square displacment function desicribed by Eq. 2.49
for times t > τR where CLF is originally ignored. The CLF factor is defined as
L′ = L−∆L = βL (2.102)
where L′ is effective contour length. The longest relaxation time τd is shortened
by the CLF effect. According to Eq. 2.50, the longest relaxation time under CLF
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can be estimated as
τFd = L
′2/Dcpi2 = β 2L
2
/Dcpi2 = β 2τd (2.103)
where the subscript (F) stands for ”fluctuation”. For times t > τR, the mean














































































































For the end segment, the displacement of the first segment with n = 1 is relevant





















For times τe < t < τd , the mean square displacement is predicted by Eq. 2.58,
and no correction is required because the equation is derived from CLF.
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2.3 Materials and Methods
2.3.1 Materials
λ -phage DNA
Bacteria λ -phage DNA was purchased from New England Biolabs, Ipswich,
MA. This DNA is linear and has a total length of 48502 base pairs (16.3 µm).
In general, it has a persistence length of 50 nm and a radius of gyration Rg of
approx. 500 nm in a good solvent and a dilute regime. There are two 12 base,
single-stranded overhangs on both ends of the DNA which have complementary
sequences: 5’ GGGCGGCGACCT 3’ and 5’ AGGTCGCCGCCC 3’. Because of
these overhangs, λ -phage DNA molecules can catenate each other forming linear
concatemers or a single DNA molecule can be linked at the end forming a cir-
cle. The likelihood of ends of several separated λ -phage DNA molecules finding
each other are far greater than that of one single piece of λ -phage DNA folding
back on itself, unless the solution is extremely dilute. So only linear concatemers
need to be taken into account. These concatemers can bring remarkable effects
on various properties of concentrated DNA solution. Thus, to avoid the problem,
a 12 base single stranded DNA oligonucleotide with a sequence complementary
to one end of λ -phage DNA, 5’ AGGTCGCCGCCC 3’ from Sigma-Aldrich, St.
Louis, MO, was used. As received from the manufacturer the λ -phage DNA
stock solution has a concentration of 0.5 g of DNA/L in TE (Tris-EDTA) buffer.
DNA dyes for labeling
YOYO-1 Iodide and Quantum dot 565 streptavidin conjugate were purchased
from Invitrogen, Carlsbad, CA. YOYO-1 stain has an excitation wave length
around 491 nm and emission wave length around 509 nm. It is one of the highest
affinity nucleic acid stains which shows over a thousand-fold increase in its green
fluorescence when bound to dsDNA. However, as other conventional fluores-
cence dyes, it suffers from photobeaching effect which decreases signal-to-noise
ratio over time. Quantum dot 565 nanocrystal streptavidin conjugate was used
to provide long-term photostability. It comprises a biotin-binding protein (strep-
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tavidin) covalently attached to a fluorescent label nanocrystal. The maximum
emission wavelength of the nanocrystal is around 565 nm and 5 to 10 strepta-
vidins are attached to each dot. In order to attach the dot to λ -phage DNA,
biotinylated 5’-GGTCGCCGCCC-3’ single stranded DNA oligonucleotide pur-
chased from Integrated DNA Technology, Coralville, IA, was used. This oligonu-
cleotide has a complimentary sequence to one end of λ -phage DNA thus can be
ligased to the relative end. And the biotin on the oligonucleotide has a remark-
ably high binding affinity for the streptavidin coated on the quantum dot 565.
T4 DNA ligase
T4 DNA ligase and T4 ligase reaction buffer were obtained from New England
Biolabs, Ipswich, MA. T4 DNA ligase, as a enzyme, has a molecular weight of
55.3 kDa and catalyzes the formation of a phosphodiester bond between juxta-
posed 5’ phosphate and 3’ hydroxyl termini in duplex DNA or RNA. It was used
to ligase biotinylated single stranded DNA mentioned in the previous section to
one end of λ -phage DNA. T4 ligase reaction buffer provides a suitable chemical
condition for the enzyme. The standard reaction buffer is composed of 50 mM
Tris-HCl, pH 7.5, 10 mM MgCl2, 1 mM ATP, 10 mM DTT.
TE buffer
TE buffer or Tris-EDTA buffer was used for all microscopic experiments except
for DNA ligation. It is composed of 10 mM Tris-HCl, pH 8.0 and 1 mM EDTA.
Tris is an organic compound known as tris(hydroxymethyl)aminomethane, with
the formula C4H11NO3 and a molecular weight of 121.14 g/mol. It has a pKa
of 8.1 and can buffer solutions from drastic pH changes. EDTA (ethylene di
amine tetra acetic acid) has a molecular formula of C10H14N2O8Na2·2H2O and
a molecular weight of 372.24 g/mol. EDTA has the ability to chelate or complex
metal ions in 1:1 metal-to-EDTA complexes. Water was deionized and purified
by a Millipore system and has a conductivity less than 1×10−6 Ω−1cm−1. The
pH of the buffer was adjusted to 8 by the addition of concentrated HCl.
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2.3.2 Methods
Centrifugation
The λ -phage DNA solution, as received from the manufacturer, has a concentra-
tion of 0.5 g of DNA/L. In order to investigate the concentration dependence of
various properties within semidliute and entangle regime, the concentration of
DNA has to be increased. Amicon ultra-0.5 mL centrifugal filters (Millipore, 30
kDa cut-off) was used to concentrate the DNA. Before loading the DNA solution,
the centrifugal filters were pre-spun with 1× TE buffer to prevent non-specific
sticking of the DNA to the tube. 0.5 mL 1× TE buffer was loaded in the inner
filter tube and then the filter unit was spun at 2000 G for 5 min at room tem-
perature. After the buffer was removed, 0.5 mL original λ -phage DNA solution
from the manufacturer was loaded into the inner filter tube and the filter unit was
centrifuged at 12000 G for 10 min. Then the inner filter tube was reversed and
the whole unit was spun at 1000G for 1 min for DNA recollection. Because the
DNA stock solution was prepared by centrifugation, its concentration is not ho-
mogeneous. So the DNA stock solution was stored at 277 K to be equilibrated
for at least a week before the concentration measurement.
Concentration measurement by NanoDrop
After the centrifugation, the DNA concentration was determined by NanoDrop
2000c UV-Vis Spectrophotometer (Thermo Scientific). Nucleic acids absorb ul-
traviolet light in a specific pattern. In the case of DNA and RNA, a sample
that is exposed to ultraviolet light at a wavelength of 260 nm will absorb that
ultraviolet light. The resulting effect is that less light will strike the photodetec-
tor and this will produce a higher optical density (OD). Hence UV absorption
spectrophotometer is the suitable device for determining the concentration of
DNA. When using spectrophotometric analysis to determine the concentration
of DNA or RNA, the Beer-Lambert law is used to determine unknown concen-
trations without the need for standard curves. In essence, the Beer Lambert Law
makes it possible to relate the amount of light absorbed to the concentration of
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the absorbing molecule. The Beer Lambert Law gives a relationship between the
absorbance A and concentration of the sample c:
A = log(I/I0) = εcl (2.110)
where I0 and I are the intensity of the incident light and the transmitted light,
ε is the molar absorptivity (extinction coefficient) of the sample, and l is the
distance the light travels through the sample (the path length). At a wavelength
of 260 nm, the average extinction coefficient for double-stranded DNA is 0.020
(µg/ml)−1 cm−1. NanoDrop 2000c UV-Vis Spectrophotometer integrates those
principle and give directly the concentration of the DNA solution.
The measurement pedestals of the NanoDrop 2000c were cleaned with dis-
tilled water and 1× TE buffer twice, and were wiped clean with tissue paper. 1-2
µL of 1× TE buffer was loaded to zero the baseline. Then, 1.5 µL of centrifuged
λ -phage DNA solution was placed on the pedestal and measured. In order to
ensure the solution is homogeneous, droplets from top, middle, and bottom of
the sample tube were measured and compared. The final concentration was de-
termined by the average value of these three measurements. The centrifuged
λ -phage DNA solution has a final concentration of 2.2 g of DNA/L. For the sake
of removing naturally formed concatemers, the stock solution was heated to 338
K for 10 min and then rapidly cooled to 295 K by immersion in a water bath,
and the complementary oligonucleotide was subsequently hybridized to one of
the overhangs with a molar ratio of one DNA molecule to 25 oligonucleotides.
Finally, the stock DNA solution was stored at 277 K in a humility chamber to
prevent any concentration change due to water vaporization.
Quantum dot labeling
The λ -phage DNA was first modified with biotin by ligasing the biotinylated 5’-
GGTCGCCGCCC-3’ single stranded DNA oligonucleotide to the complemen-
tary sticky end of the DNA. Then the biotin modified λ -phage DNA binds to
quantum dot by biotin-streptavidin interaction forming quantum dot end-labeled
λ -phage DNA. One day before the ligation, 20 µL of 0.5 g λ -phage DNA/L was
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2 µm 2 µm
Figure 2.7: λ -phage DNA was labeled by both YOYO-1 dye and quantum dot
565 represented by the white line. The bright spot at the end is the quantum dot.
added into 160 µL in 10mM Tris-HCl (pH 8.0). The solution was heated at 338
K for 10 min to break naturally formed concatemers and rapidly cooled to 295
K by immersion in a water bath. 3 µL of 100 µM biotinylated DNA oligonu-
cleotides was subsequently added to the DNA solution with 20 µL of 10× T4
ligase reaction buffer. The DI water was added to reach a final volume of 290 µL
followed by a gentle mixing with pipette tip. Overnight incubation of the mixture
was done at room temperature for the hybridization between the DNA and the
oligonucleotide. 10 µL of T4 DNA ligase was added to the solution the next day
and incubated at room temperature for 2 h. The ligation reaction was stopped by
heating to 338 K for 20 min, followed by washing of the ligated DNA (3 times)
with TE buffer using the above mentioned Amicon centrifugal filter units with
100 kDa cut off, to get rid of denatured enzyme and unbound oligonucleotides.
In each washing, the solution was topped up to 0.5 mL in the inner filter tube
and then centrifuged at 2000 G for 10 min. The buffer was changed from 1×
T4 ligase reaction buffer to 1× TE buffer at the same time. The resulting ligated
DNA was store at 277 k for 2 days and was subsequently mixed with quantum
dot 565 streptavidin conjugate at a dot per DNA ratio of 5:1 in the presence of 50
mM NaCl. The added NaCl provides a necessary ionic strength to dramatically
increase the chance that the DNA meets the quantum dot, because both of them
are negatively charged. However, the salt concentration cannot be too high ( i.e.
> 100 mM ), otherwise microscopic aggregation of quantum dots will occur. Af-
ter incubation at room temperature for 2 days, excess, non bound quantum dots
were removed by centrifugation as mentioned before.
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DNA combing
In order to check whether the quantum dot labeling is successful, DNA combing
is carried out. Polystyrene (Mw = 280 kDa) is dissolved in toluene (Fisher Scien-
tic, Pittsburgh, PA) at a concentration of 50 g/L. To get rid of dust, the solution
was cleaned by 0.45 µm CA filter media (Whatman). Glass cover slips were
cleaned by sonication in 70% ethanol for 30 min. The cover slips were spin-
coated with the solution of polystyrene for 35 s at 2000 rpm. A 5 µL droplet
was spotted onto the cover slip and sheared with the help of a pipette tip along
the surface. The DNA molecules were labeled with YOYO-1 one day before the
combing and visualized with fluorescence microscopy. Figure 2.7 shows the re-
sult. Note that the fluorescence filter unit used here was customized for quantum
dot 565 with which the YOYO-DNA complex can also be observed with half of
the intensity as FITC YOYO-1 filter.
Sample preparation
Two series of samples with DNA concentrations in the range 0.2 - 1.6 g/L were
subsequently prepared by diluting the stock solution of 2.2 g/L with 1× TE
buffer. For the measurement of the displacement, one series of the samples was
spiked with quantum dot end-labeled DNA (0.125 mg of labeled DNA/L). For
the determination of the radius of gyration as well as the rotational relaxation
time, a small amount of YOYO-1 labeled DNA with an intercalation ratio of 15
base-pairs per dye molecule was added to another set of samples. The YOYO-1
labeled DNA was prepared one day before the mixing with unlabeled DNA. All
the samples were sealed with parafilms and stored at 277 K in a humility cham-
ber for at least 3 days to get an even distribution of labeled DNA. For samples
with higher concentrations ( c > 0.5 g/L), the incubation time was extended to 7
days. Since the sample was kept in a humility chamber, the concentration of all
samples remained unchanged during the incubation. In order to minimize pho-
tobleaching of the YOYO-1 dye, β -mercaptoethanol (4%(v/v), Sigma-Aldrich)
was added to the corresponding samples 1 h before imaging.
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Fluorescence Microscopy
The microscopic slide was prepared as shown in Figure 2.8. A droplet of solution
was deposited on a microscopic slide and sealed with a cover slip separated by a
spacer. The spacer has a thickness of 0.12 mm and a diameter of 7 mm. Around 5
to 6 µL of the sample was used so that it fills up almost all the space surrounded
by the spacer. Nail polish was deposited on the edges of the cover slip to seal the
sample completely preventing any evaporation of the sample.
DNA tracking experiments were done at ambient temperature (296 K) with
a Nikon Eclipse Ti microscope equipped with a 200 W metal halide lamp, a
filter set, and a 100 × oil immersion objective. The height level of the focal
plane was adjusted so that it is situated in the midway between slide and cov-
erslip. Video was collected with an electron multiplying charge coupled device
(EMCCD) camera (Andor iXon X3) and Andor Solis software. The setup was
checked by measuring the diffusion of colloidal beads dispersed in a concen-
trated solution of glycerol as well as by monitoring immobilized beads adsorbed
at a glass slide. A series of video clips was recorded with a rate of 90 frames
per second, full frame size of 128×128 pixels and exposure time of 9 ms. The
exposure time is short enough to minimize dynamic error and the static error in〈
∆x2
〉
, as estimated by monitoring immobilized beads, is around 10 nm [54].
Each clip has a duration of 5 min and the total duration of the movie is 200 min.
The clips were taken randomly in the xy plane and in each clip the trajectories of
one to two DNA molecules were recorded. Accordingly, 40 to 80 different DNA
molecules constitute each ensemble averaged mean square displacement, but the
maximum lag time is 100 s.
The reorientational relaxation time and radius of gyration were determined
by tracking of YOYO-1 labeled DNA. The methodology is similar to the one
pertaining to the tracking of the translational motion of end-labeled DNA as
described above. Here, the duration of each video clip is 3 min and the total
duration of the movie is 120 min. In order to increase the signal to noise ratio, the
frame rate was reduced to 45 frames per second. With one or two imaged DNA
molecules per clip, 40 to 80 different DNA molecules constitute the ensemble
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Figure 2.8: The sample slide with a droplet of solution on a glass slide covered
with a cover slip separated by a 0.12 mm spacer, inverted on the microscope
stage.
from which the radius of gyration and reorientational relaxation time are derived.
DNA tracking
For the measurement of the displacement, the video was analyzed with MAT-
LAB (Natick, MA) and the DNA trajectories were obtained with public domain
tracking software (http://physics.georgetown.edu/matlab/). All further data anal-
ysis was done with home-developed software scripts written in MATLAB code
[46, 47]. For the determination of the radius of gyration as well as the rotational
relaxation time, data analysis was all done with home-developed software scripts
written in MATLAB code (see Appendix B). Detailed calculations will be dis-
cussed later. The pixel size in the x- and y-directions of 0.16 µm was determined
with a metric ruler.
2.4 Results and Discussions
2.4.1 Trajectory and displacement distribution
Trajectories of moving DNA were extracted from each video clip via a public do-
main tracking program. The methodology it follows is summarized as follows.
Every frame of each video clip was first modified using a real-space bandpass
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filter that suppresses pixel noise and long-wavelength image variations while re-
taining information of a characteristic size. The bandpass filter consists of a
low pass filter, which passes low-frequency signals, and a high pass filter, which
passes high-frequency signals. Briefly, the process includes two steps. First, a
low passed image is produced by convolving the original with a Gaussian func-
tion. Next, a second low passed image is produced by convolving the original
with a boxcar function. Subtracting the boxcar version from the Gaussian ver-
sion achieves a high pass. Performing a low pass and a high pass results in a
bandpassed image. Based on the filtered image, the positions of DNA molecules
is determined by finding the local maximum intensity pixels. Because the quan-
tum dots image are isotropic the maximum intensity pixels is the same as that of
the center of mass, so it won’t bring extra error into the position data. Then the
trajectory was constructed by connecting these discrete positions into time de-
pendent displacement functions. The program is able to track multiple particles
at the same time. Given the positions for n particles at time t(i) where i indicates
the frame number, and m possible new positions at time t(i+ 1), the program
considers all possible identifications of the n old positions with the m new posi-
tions, and chooses the identification which results in the minimal total squared
displacement. Those identifications which don’t associate a new position within
maximum displacement Rmax of an old position ( particle loss ) penalize the total
squared displacement by R2max. Since the DNA molecules moves relatively slow
in the investigated concentration range, the maximum displacement Rmax is set
to be slightly larger than the diameter of one signal image. An example of the
trajectories obtained through the methodology described above is displayed in
Figure 2.9.
From the trajectories of the quantum dots attached to λ -phage DNA, the
probability distributions of the end-segment displacements in the x and y direc-
tions were determined for a range of displacement times t. The minimum dis-
placement time t = 11 ms is determined by the frame rate of the camera. The
practical limit of the maximum time is about 100 s, for longer times the quantum
dots lose their intensity due to photobleaching and/or they are subjected to long
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Figure 2.9: A sample of a typical trajectory extracted from a video clip of quan-
tum dot label λ -phage DNA at 0.6 g/L. For clarity, only part of the trajectory
from 0 s to 4s is shown.
time coherent flow. The mean square displacements in the two orthogonal di-
rections were checked to be equal within experimental error. An example of the
displacements distributions is shown in Figure 2.10, where two sets of data from
x and y directions in Figure 2.10 are represented by red triangle symbols and
blue circle symbols, which overlap with each other perfectly. The distributions
were always observed to be close to Gaussian. Accordingly, a Gaussian function
was fitted by optimizing the mean square displacements 〈∆x〉 and 〈∆y〉 for each










where P(x, t) is the normalized count or displacement probability. The typical
results are displayed in Figure2.11. The symbol 〈∆x2〉 is used to stress that the
mean square displacement in one dimension is referred to, albeit the experimen-
54
2.4. RESULTS AND DISCUSSIONS















  Δ x  ,   Δy ( μ m)
Figure 2.10: Distribution of the displacement of end-labeled λ -phage DNA 〈∆x〉
(blue) and 〈∆y〉 (red) for lag-time t = 1.155 s. The DNA concentration is 0.9
g/L. The closed symbols denote the experimental data, whereas the solid curve
represents a Gaussian fit.
tal results are obtained by statistically averaging the widths of the distributions
obtained in the x and y directions (these widths are identical within experimental
errors because the fluid is isotropic).
2.4.2 Mean square displacement




initially increases, then levels off to a certain extent depending on the DNA
concentration, and eventually increases again. Diffusive behaviour with 〈∆x2〉
proportional to t is recovered for very long times exceeding 10 s to 100 s, de-
pending on concentration of DNA. For shorter times, deviations from diffusive





decreases and the range of times with sub-diffusive
scaling exponents becomes wider. Similar behaviour has been reported before
for the displacement of micron-sized colloidal beads immersed in otherwise the
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Figure 2.11: (Color online) Mean square displacement 〈∆x2〉 of end-labeled
λ -phage DNA versus lag time t. The dashed lines represent power laws with in-
dicated slopes. Notice the continuous change in slope from 1/2 through 1/4, 1/2,
to 1 with increasing lag time for the data obtained for concentrations exceeding,
say, 0.9 g of DNA/L.
same solutions of λ -phage DNA. The deviation from diffusive behaviour is at-
tributed to the formation of entanglements for concentrations exceeding 0.3 g of
DNA/L [46].
The change in scaling exponent is best illustrated in a plot of the first or-
der derivative ∂ log〈∆x2(t)〉/∂ log t versus lag-time t. An example of such a plot
pertaining to a concentration of 0.9 g of DNA/L is shown in Figure 2.12. With in-
creasing lag-time, the scaling exponent initially decreases from a value of around
1/2 to 1/4. This initial decrease reveals the onset of tube constraints. A scaling
exponent of 1/4 is due to the Rouse dynamics inside the tube and is a hallmark
of reptation. For longer times, the scaling exponent increases again through a
value of 1/2 due to the reptation of the primitive path, and, eventually, it reaches
the value of unity pertaining to diffusion. To the best of our knowledge, this
is the first observation of the change in time scaling through the complete se-
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Figure 2.12: Time scaling exponent of the mean square displacement of end-
labeled λ -phage DNA. The DNA concentration of 0.9 g/L. The circles are the
derivative of the experimental data, whereas the solid curve represents a second
order polynomial fit.
.
quence t1/2, t1/4, t1/2, t with increasing displacement time for a unique sample
in a single experiment.
2.4.3 Calculation of parameters
In this section, the mean square displacement of the end-group of entangled
λ -phage DNA is analyzed with the reptation model originally proposed by de
Gennes [4]. Here, the pertinent equations for the prediction of the motion are
summarized using the notation of Doi and Edwards [5]. As discussed in Chap-
ter 2.2.2, a test chain of N segments, each segment with length b, is thought to
be confined to a temporal tube formed by entanglements with the other chains.
The chain can only move along the primitive path with contour length L and step
length a. The primitive path takes a Gaussian conformation with end-to-end dis-
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Fit of Eq. 2.114
Fit of Eq. 2.115
t (s)
Figure 2.13: (Color online) Fitting procedure of the lag-time dependence of the
mean square displacement of end-labeled λ -phage DNA. The DNA concentra-
tion is 0.9 g/L. Red dashed curve, fit of Eq. 2.114; blue solid curve, fit of Eq.
2.115. The two curves overlap when the slope is around 1/2.
tance R2 = La. In the reptation model, there are three relevant relaxation times,
i.e. the time required for the onset of the effect of tube constraints τe, the Rouse
relaxation time τR, and the longest relaxation time pertaining to tube renewal τd .
For times t > τR, the mean square displacement of the end segment is given by





















where the contour length of the primitive path L=Nb2/a is replaced by effective
contour length βL (β is the contour length fluctuation factor), the tube renewal
time τd is replaced by τFd where contour length fluctuation is considered, and
cos2(ppin/N) is replaced by unity for end-labeled DNA (see Section 2.2.4). Note
that Eq. 2.112 is valid only for times exceeding the Rouse time, that is t > τR. In
particular, it does not capture fluctuations for shorter times te < t < τR. Once the
Rouse-like diffusion inside the tube is included, the mean square displacement
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where ς is replaced by τR according to Eq. 2.38. Again, the cos2(ppin/N) can






















Notice that the Eq.2.114 is valid for times τe < t < τFd . The mean square dis-
placement predicted by Eq.2.112 should match the one predicted by Eq.2.114 in
the overlapping range of times τR < t < τFd . However, close inspection reveals
that there is a mismatch, which can be corrected by multiplication of Eq.2.112
by a factor of (pi/8)1/2. It has to be emphasized that the same mismatch is ob-
served in the case of CLF (Eqs. 2.114 and 2.112) and none-CLF (Eqs. 2.105 and
























which is valid in the range t > τR. A similar correction was done before, albeit
with a different multiplication factor pertaining to a different segment of the
polymer chain [52]. As will be discussed below, the data for the mean square
displacement of end-labeled DNA will be analyzed and values of the step length
a, relaxation times (τR and τFd ), and end-to-end distance Nb
2 will be extracted
by the combination of Eqs. 2.114 and 2.115. Unfortunately, the characteristic
〈∆R21(t)〉 ' t
1
2 variation is not observed over a sufficiently broad range of times
at very short lag-times t < τe, so that reliable values of the parameter τe can not
be extracted.
2.4.4 Reptation dynamics
For concentrations exceeding 0.7 g of DNA/L, a scaling exponent of 1/4 is ob-
served in an intermediate range of lag-times. As previously determined from
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Figure 2.14: Tube renewal time τFd (◦), visco-elastic relaxation time τv (•), and
reorientation time τr () vs DNA concentration c. The solid line represents the
scaling law for a salted and entangled polyelectrolyte τ ∝ c1.62.
the value of the high frequency elasticity modulus, the number of entanglements
per DNA molecule increases from about 6 to 19 if the concentration is increased
from 0.7 to 1.5 g/L [46]. These solutions are accordingly well-entangled and〈
∆x2
〉
can be analyzed with Doi-Edwards theory. Note that constraint release ef-
fect can be neglected in this case since it is reported that the life time of tubelike
constraint is much longer than the longest relaxation time of DNA[43, 45]. From
a fit of the combination of Eq. 2.114 and Eq. 2.115, values of the tube renewal
time τFd , effective mean square end-to-end distance βNb
2, and Nb2a2 with step
length a can be obtained. Here the CLF factor β is considered because no consis-
tent fitting can be done without it. The fit procedure is done with nonlinear least
squares algorithm. Eq. 2.115 is fitted to the data for longer lag-times in the range
with scaling exponent equal to and exceeding 1/2. Eq. 2.114 is fitted to the data
in the lower range of lag-times pertaining to the transition from scaling expo-
nent 1/4 to 1/2. The agreement of both fits with the data is shown in Fig. 2.13.
A perfect match is observed in the overlapping range of lag-times τR < t < τFd .
Fitted values of the parameters are shown in Table 2.1. In order to estimate the
values of end-to-end distance Nb2, step length a, and CLF factor β , the values of
number of entanglements 4Nb2/5a2 extracted from rheology experiments [46]
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were used. The Rouse time τR can be calculated by using fitted parameters. The
results are shown in Table 2.2, Fig. 2.14 and Fig. 2.15. Unfortunately, with
our data it is not possible to obtain values of the time for the onset of the effect
of tube constraints τe, because the characteristic 〈∆R21(t)〉 ' t1/2 variation is not
observed over a sufficiently broad range of lag-times t < τe.
Table 2.1: Concentration dependence of fitted parameters
c (g/L) τFd (s) βNb
2 (µm2) Nb2a2(µm4)
0.7 2.5±0.03 0.128±0.002 0.0026±0.000000123
0.9 2.9±0.05 0.077±0.002 0.0011±0.000000144
1.2 5.5±0.13 0.055±0.002 0.0006±0.000000104
1.5 7.8±0.23 0.046±0.002 0.0005±0.000000229
The tube renewal time τFd increases by an order of magnitude from, say 3
s to 8 s when the concentration is increased from 0.7 to 1.5 g of DNA/L (see
Fig. 2.14). For comparison, the visco-elastic relaxation time τv from previously
reported microrheology experiments has also been included [46]. Although the
latter relaxation times were obtained in a slightly lower range of concentrations
of DNA, τFd and τv collapse to a single curve and follow the scaling law for
reptation dynamics of an entangled polyelectrolyte with screened electrostatics
τ ' c1.62 (Flory exponent ν = 0.588) [57, 84].
Table 2.2: Concentration dependence of estimated parameters
c (g/L) τR (s) a (nm) Nb2 (µm2) β
0.7 0.13±0.004 136±1.7 0.138±0.0017 0.93±0.017
0.9 0.18±0.010 102±1.3 0.107±0.013 0.71±0.021
1.2 0.37±0.026 79±1.0 0.095±0.0012 0.58±0.021
1.5 0.58±0.057 70±0.9 0.098±0.0012 0.47±0.023
The concentration dependence of the Rouse time τR is displayed in Fig.
2.15A. To the best of our knowledge, the Rouse time of reptating DNA has
not been reported before. A rather steep increase with increasing concentra-
tion of DNA is observed. A fit to a power law gives a concentration scaling
exponent 2.1± 0.3. For a salted polyelectrolyte in the semidilute regime, the
Rouse relaxation time is predicted to follow τR ' c0.31 scaling (ν = 0.588). It
should be noted however that the correlation length (blob size) becomes smaller
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Figure 2.15: (A) Optimized values of the Rouse time τR vs DNA concentration
c. The solid line represents a fit to a power law with noted exponent. (B) As in
panel A, but for the step length a. The solide line represents to the scaling law
for constant number of entanglement strands per entanglement volume a' ξ '
c−0.77. (C) As in panel B, but for the mean square end-to-end distance Nb2. The
solide line represents to the scaling law for a salted and entangled polyelectrolyte
Nb2 ' c−0.23.
than the Kuhn length of 100 nm for concentrations exceeding 0.3 g of DNA/L
[85]. Accordingly, in the present range of concentrations the applicability of the
blob model is questionable. The steep increase in Rouse relaxation time with
increasing concentration of DNA is plausibly due to increased friction once the
correlation length becomes less than the Kuhn length.
The concentration dependence of step length a is displayed in Fig. 2.15B.
A weak decrease with increasing concentration of DNA is observed. If the en-
tanglement correlation length is proportional to blob size ξ (constant number of
entanglement strands per entanglement volume), the step length is predicted to
follow a ' c−0.77 scaling (ν = 0.588) which is shown in solid line in Fig. 2.15.
The experimental results comply with the predicted scaling law and confirm the
less than unity magnitude of the scaling exponent of a. A scaling exponent−0.45
was previously reported for solutions of polystyrene in toluene [52]. However,
contour length fluctuation was ignored there. Our results prove that the CLF
cannot be neglected.
The concentration dependence of the mean square end-to-end distance Nb2 is
shown in Fig. 2.15C. With increasing concentration, Nb2 is to decrease accord-
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Figure 2.16: Radius of gyration Rg (◦) and root-mean-square end-to-end dis-
tance N1/2b (4) vs DNA concentration c. The solid line represents the scaling
law for the radius of gyration of a salted polyelectrolyte in the semi-dilute regime
Rg ' c−0.115.
ing to a power law with c−2.3 which is shown in solid line. Root-mean-square
end-to-end distance N1/2b is compared to the radius of gyration of the DNA
molecule Rg in Fig. 2.16 (Rg was measured by tracking of YOYO-1 labeled
DNA, see below). N1/2b and Rg are comparable and show a slight decrease with
increasing concentration. The radius of gyration and N1/2b follow the scaling
law for a polyelectrolyte with screened electrostatics in the semi-dilute regime
Rg ' c−0.115 (ν = 0.588) [64, 86].
The concentration dependent CLF factor β is shown in Table. 2.2. A de-
crease of β from 0.84 to 0.36 is observed when the concentration increases from
0.7 to 1.5 g of DNA/L. This indicates that the fluctuation percentage of the con-
tour length increases as the solution becomes more entangled. Reptation model
suggests the polymer is confined in a virtual tube. However, gaps on the virtual
tube wall exist between the entanglements. The fluctuation of the polymer can
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penetrate the tube wall through these gaps, resulting in an enhanced fluctuation
along the tube, that is the enhanced CLF. With increasing DNA concentration,
the possibility of this penetration increases resulting in more enhanced CLF. The
decrease of β with increasing DNA concentration can hence be explained by an
increase in the possibility of tube wall penetration. Clearly more work is needed
to understand the interaction between the chain and the temporal network [79].
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2.4.5 Rotational dynamics
θ
1 µm 1 µm 1 µm
Figure 2.17: Images of a time sequence of a single YOYO-1 labeled DNA
molecule immersed in a solution of 0.9 g of DNA/L. There is a 5 s time interval
between neighoring images. The solid line represents the principal axis of the
radius of gyration tensor. The dashed line represents the x-axis. θ is the angle
enclosed.
For the investigation of reorientation dynamics, the reorientational relax-
ation time was determined by tracking of YOYO-1 labeled DNA. These labelled
molecules are mixed with otherwise the same, but non-labelled molecules and
visualized with fluorescence microscopy ( Chapter 2.3.2 ). A series of images
pertaining to a solution of 0.9 g of DNA/L is displayed in Fig. 2.17. The im-
ages were collected with a rate of 45 frames per second. The data analysis to the
recorded video clips are discussed as follows. For each frame (time t), the radius






(rmn,i(t)− rcm,i(t))(rmn, j(t)− rcm, j(t))Imn(t) (2.116)
with Imn(t) is the fluorescence intensity of pixel [m,n] at position rmn in the xy–
plane, i and j represent x or y directions, and I0(t) is the total intensity of the







The time-dependent G carries information about the instantaneous size, shape,
and orientation of the DNA molecule. For each frame, the principal eigenvalues
and vectors of G was determined using a singular value decomposition and under
the assumption of cylindrical symmetry. The eigenvalues of G, that is G‖ and
G⊥, represent the length of the long and short axis, respectively. The radius of
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Figure 2.18: Distribution of Rg at DNA concentration 0.9 g/L. Solid line: Gaus-
sian fitting of the distribution.





where the brackets denote an average over all frames. The instantaneous ori-
entation of the molecule was obtained from the angle enclosed by the principal








≤ θ ≤ pi
2
. (2.119)
In order to derive information about reorientation dynamics, the time autocorre-




where the brackets denote an ensemble average (average over all frames with
different lag-times τ). As will be shown shortly, the autocorrelation function
decays exponentially
C(τ) = exp(−2τ/τr) (2.121)
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with reorientational correlation time τr. The factor of two in the exponential
decay is due to the fact that the angle θ covers half of the phase space (−pi/2≤
θ ≤ pi/2) [55].
Based on the theory described above, detailed calculation was done through
home developed MATLAB programs. Each frame of the video clips was pro-
cessed with a MATLAB build in Wiener2 low pass image filter to suppress the
noise [87]. Center of mass rcm was then calculated according to Eq.2.117 for
the first time. Since the noise signal far away from the molecule may bring hug
effect on rcm, it was calculated for the second time using only the data at the
position near the first rcm (distance less than 12 pixels, 1.92µm). G(t) was then
obtained according to Eq. 2.116. Figure 2.19 (A) shows an example of time
evolution of the eigenvalues of G. The radius of gyration tensor is observed to
be slightly anisotropic with G⊥/G‖ = 0.82±0.12 as shown in Figure 2.19 (B).
The root-mean-square radius of gyration Rg of the entangled DNA molecule was
derived from the principal values of the radius of gyration tensor according to
Eq. 2.118. Figure 2.18 shows an example of radius of gyration distribution at
DNA concentration 0.9 g/L which clearly follows a Gaussian distribution. Ac-
cordingly, a Gaussian function was fitted by optimizing the radius of gyration for
each concentration. The resulting Rg was obtained from the peak position of the
Gaussian curve and is displayed in Figure 2.16. The instantaneous orientation
of the molecule was obtained from the angle enclosed by the principal eigenvec-
tor and the x-axis according to Eq. 2.119. With increasing time, the molecule
reorients with a concurrent change in orientation angle θ . Typical examples of
the time evolution and auto-correlation of θ are shown in Figure 2.20. And the
time autocorrelation function of the angle was obtained by Eq. 2.120. Figure
2.21 shows an example of autocorrelation function of DNA molecular angles
with respect to lag time at the concentration 0.9 g of DNA/L. The autocorrela-
tion function indeed follows an exponential decay. Eq. 2.121 was used to fit the
data and the fitting curve is shown in Figure 2.21(a) in solid line. Figure 2.21(b)
shows logarithm scale on y axis which gives a better view. Calculated rotational
relaxation times pertaining to different concentrations of DNA are shown in Fig-
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Figure 2.19: (A) Time evolution of the eigenvalues of G. Blue line represents G‖
and red line represents G⊥. (B) As in panel A, but for the ratio G⊥/G‖.
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Figure 2.20: Time evolution of the azimuthal angle θ(t) enclosed by the principal
axis and the x-axis.
ure 2.14 in open squares.
The reorientation time τr is seen to increase by about an order of magnitude
from 2.8 s to 16 s once the concentration is increased from 0.7 to 1.7 g of DNA/L.
A quantitative agreement between τr and the tube renewal time τd was observed,
which is the same case in dilute solution [88]. In particular, τr follows the same
concentration scaling as the longest relaxation time pertaining to reptation, that
is τr ∝ c1.62. The quantitative agreement between the reorientation time and the
tube renewal time shows that orientation correlation is lost once the molecule
has diffused out of its original tube and has formed a new tube by tangling with
some other molecules.
2.5 Conclusion
The lag-time dependent MSD of quantum dot end-labeled λ -DNA has been
obtained. At lower concentrations, the transition from the Rouse to diffusion
regime, as indicated by a change in time scaling exponent from 1/2 to 1, is
observed. Due to long enough constraint release times at higher DNA concen-
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Figure 2.21: Autocorrelation function of DNA rotational angles vs lag time t
at concentration 0.9 g/L. The solid line represents a fit to an exponential. (a):
normal scale. (b): logarithm scale on y axis.
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trations (> 0.7 g of DNA/L), the entire sequence in time scaling from t1/2, t1/4,
t1/2, to t1 with increasing lag-time t is observed. The MSD curves were analyzed
with the (simplified) full expressions of the transport equations pertaining to de
Gennes-Doi-Edwards reptation theory. The values of the longest relaxation time
(tube renewal time) agree with previously reported values of the longest relax-
ation time obtained from microrheology experiments. Furthermore, the concen-
tration scaling agrees with the theoretical prediction for a salted polyelectrolyte
with screened electrostatics. The values of the Rouse time (τR), step length a,
and end-to-end distance Nb2 are also obtained. Qualitatively, the concentration
scalings of the latter parameters agree with the predictions of scaling theory.
However, quantitative differences are observed, which are related to the fact that
the static correlation length (blob size) becomes of the order or smaller than the
Kuhn length in the present range of concentrations of DNA.
From imaging of uniformly labeled λ -DNA, the time-dependent orientation
and principal values of the radius of gyration tensor have been obtained. The
time-averaged radius of gyration is in reasonable agreement with the end-to-end
distance of the confinement tube as obtained from the analysis of the MSD. Fur-
thermore, the correlation time pertaining to reorientation of the radius of gyration
tensor agrees with the tube renewal time as well as the longest relaxation time
obtained from visco-elasticity experiments. The similarity in time scale for tube
renewal and molecular reorientation brings unequivocally into view the coupled




Dynamics of Entangled Circular
DNA
3.1 Introduction
The previous work in Chapter 2 on linear DNA molecules is further extended
by focusing on the DNA molecules with substantially different topology, i.e.,
closed-circular configuration. As discussed previously, reptation theory success-
fully describes the motion of linear polymers in entangled regime and predicts
both static and dynamic macro properties of them, for instance stress and strain
response. These properties are very important for commercial applications such
as plastics and resins. However in biology, circular polymers are dominated,
for instance, the DNA in prokaryotic cells. In reptation model, the presence
of polymer chain ends is essential because it drives the linear polymer though
the network and relax the stress. Nevertheless, circular polymers have no ends.
To investigate this situation, several models are proposed. One suggestion was
that circular polymers form double-folded linear conformations [25] as shown
in Figure 3.2 (A). Another opinion was that the topological constraints of entan-
gled circles force them to adopt ’lattice-animal’-like conformations comprising
double-folded loops [26, 27] as shown in Figure 3.2 (B). A third model is dou-
ble folds of neighboring circular molecules penetrate each other, open-up the
folded structure and temporarily block simple sliding motions of loops which
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Figure 3.1: Several models of circular polymers in a entangled regime. The
tagged circular polymer is represented by black bold lines. The topological con-
straints in the intersection plane are represented by dots. (A) The circular poly-
mer is described by double-folded linear conformations. (B) The circular poly-
mer adopts ’lattice-animal’-like conformations comprising double-folded loops.
(C) The circular polymer is penetrated by another molecule represented by col-
ored lines. Other constraints are not shown. (D) The same situation of (C) in
the tagged polymer plane. New constraints exerted by penetration are shown in
colored dot.
is the proposed motion for the previous two situations [24] as shown in Figure
3.2 (C) and (D). However, these models are only partially supported by rheology
experiments and detailed dynamics is still not well known. Instead of study the
rheology properties of circular polymer systems, the self-diffusion coefficient of
a circular polymer is reported to follow different scaling behaviour than that of
a linear polymer [23]. But the long time diffusion coefficient is still not enough
to reveal the dynamics of circular polymer in entangled regime. Therefore, time
dependent mean square displacement of a circular cosmid DNA in a entangled
regime was investigated in this project. The result is then compared to the mean
square displacement of the linear λ -phage DNA to demonstrate the difference
between the motions of linear and circular polymers. This comparison further
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proves that the circular DNA does not reptate. Then, the result of the micro-
sized colloid beads embedded in otherwise the same circular cosmid DNA solu-
tion is included to show the mean square displacements in these two situations
in subdiffusive regime are almost identical if only the shape of the mean square
displacement curve is considered. It implies that despite of complex motions of
a circular DNA in the entangled regime, the overall motion can be considered as
the motion of a spherical molecule.
3.2 Materials and Methods
3.2.1 Cosmid DNA replication
The cosmid is the Lawrist-4 vector with a 40 kbp insert from the human chro-
mosome 1q21 (total size of 45 kbp) [89, 90]. It was initially obtained from Prof.
Claude Backendorf, Faculty of Science, Leiden Institute of Chemistry, Molecu-
lar Genetics. It was further replicated using the following procedures [91].
A colony of Escherichia coli DH5a cells containing the cosmid DNA was
transformed on a LB agar plate with kanamycin (50 mg/L). A single colony was
taken to grow a culture in terrific broth (TB) medium (12 g of tryptone, 24 g of
yeast extract, 4 mL of glycerol, 12.5 g of K2HPO4 and 2.3 g of KH2PO4 per L)
and kanamycin (50 mg/L) at 310 K. After 6 h, this culture was put into flasks,
which contained a total of 7.5 L TB medium and kanamycin. The bacteria were
cultured for 19 h at 310 K under continuous shaking and, subsequently, har-
vested. The cells were suspended in TEG buffer (20 mM Tris, 10 mM EDTA,
50 mM glucose, pH 8.0) and lysed with an alkaline solution (1% SDS, 0.2 M
NaOH). Bacterial genomic DNA, cellular debris, and proteins were precipitated
by the addition of 4 M potassium acetate and 2 M acetic acid followed by incu-
bation on ice. RNA and protein were removed with an RNAse (20 mg/L, 310
K, 12 h) treatment and phenol extraction, respectively. After precipitation with
ethanol, the pellet was dried for a short time, suspended in TE buffer (10 mM
TrisHCl, 0.1 mM EDTA, pH 8.5) with a final concentration of 3.5 g of cosmid
DNA/L.
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3.2.2 Sample preparation
A serie of samples with cosmid DNA concentrations in the range 0.1 - 2.4 g/L
were subsequently prepared by dilution of the stock solution of 3.5 g/L with 1×
TE buffer. For the measurement of the displacement, a small amount of YOYO-1
labeled DNA with an intercalation ratio of 15 base-pairs per dye molecule was
added to the samples. The YOYO-1 labeled DNA was prepared one day before
the mixing with unlabeled DNA. All the samples were sealed with parafilms
and store at 277 K in a humility chamber for at least 3 days to get an even
distribution of labeled DNA. For samples with higher concentrations ( c > 0.5
g/L), the incubation time was extended to 5 days. Since the sample was kept
in a humility chamber, the concentration of all samples remained unchanged
during the incubation. In order to minimize photobleaching of the YOYO-1 dye,
β -mercaptoethanol (4%(v/v), Sigma-Aldrich) was added to the corresponding
samples 1 h before imaging.
3.2.3 Fluorescence Microscopy
The methodology is similar to the one pertaining to the tracking of the rotational
motion of YOYO-1 labeled λ -phage DNA as described in Chapter 2.3.2. The
microscopic slide was prepared with a droplet of solution sealed with a cover
slip separated by a 0.12 mm spacer. DNA tracking experiments were done at
ambient temperature (296 K) with a Nikon Eclipse Ti microscope equipped with
a 200 W metal halide lamp, a filter set, and a 100× oil immersion objective. The
height level of the focal plane was adjusted so that it is situated midway between
slide and coverslip. Video was collected with an electron multiplying charge
coupled device (EMCCD) camera (Andor iXon X3) and Andor Solis software.
The setup was checked by measuring the diffusion of colloidal beads dispersed in
a concentrated solution of glycerol as well as by monitoring immobilized beads
adsorbed at a glass slide. A series of video clips was recorded with a rate of
20 frames per second, full frame size of 512×512 pixels and exposure time of
50 ms. Each clip has a duration of 2 min and the total duration of the movie
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is 60 min. The clips were taken randomly in the xy plane, and in each clip, the
trajectories of 5 or more DNA molecules were recorded. Accordingly, around
150 different DNA molecules constitute each ensemble averaged mean square
displacement with the maximum lag time is 2 s.
3.3 Results and Discussions
3.3.1 Trajectory and displacement distribution
Trajectories of moving cosmid DNA were extracted from each video clip via
similar methodology described in Chapter 2.4.1. Every frame of each video clip
was first modified using a real-space bandpass filter that suppresses pixel noise
and long-wavelength image variations while retaining information of a charac-
teristic size. Then, the position of the cosmid DNA’s center of mass is calculated
according to Eq. 2.117. Subsequently, the trajectory was constructed by connect-
ing these discrete positions into time dependent displacement functions. From
the trajectories, the probability distributions of the center of mass displacements
in the x and y directions were determined for a range of displacement times t.
The distributions were always observed to be close to Gaussian. Accordingly, a
Gaussian function was fitted by optimizing the mean square displacements 〈∆x〉
and 〈∆y〉 for each lag-time t. The mean square displacement was given by Eq.
2.111.
3.3.2 Mean square displacement
Figure 3.2 shows the resulting mean square displacement of both linear λ -phage
DNA and circular cosmid DNA. Note that the result of λ -phage DNA was ob-
tained using movies mentioned in Chapter 2.3.2. As shown in Figure 3.2 (A),
the mean square displacement of a λ -phage DNA first increases. Then it lev-
els off to a certain extent depending on the DNA concentration, and eventually
increases again. For very long time, diffusive behavior is recovered with 〈∆x2〉
proportional to the time t, whereas, for short time, a deviation from diffusive
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A     
        
       Concentration:
            0.2g/L       0.4g/L       0.7g/L 
            1.2g/L       1.7g/L
B     
       
       Concentration:
            0.1g/L       0.6g/L      
            1.6g/L       2.4g/L
Figure 3.2: (A) The mean square displacement 〈∆x2〉 of the center of mass of
λ -phage DNA versus lag time t. The solid line represent an arbitrary positioned
scaling t1/4 (B) The mean square displacement 〈∆x2〉 of the center of mass of
cosmid DNA versus lag time t. The solid line is identical to that in (A).
behavior is observed. With increasing DNA concentration, the mean square dis-
placement decreases and the range of times with a subdiffusive scaling exponent
less than one becomes wider. Within entangled regime ( c > 0.7 g/L), the subdif-
fusive scaling exponent of an end-labeled λ -phage DNA first decreases to 1/2 at
shorter time scale revealing the onset of tube constraints. With even shorter time
scale, it decreases down to 1/4 which is a typical value representing co-effects of
Rouse dynamics and the tube constraints. These observations are similar to what
has been reported in Chapter 2.4.2.
The mean square displacement of a cosmid DNA is shown in Figure 3.2 (B).
For very low DNA concentration, it increases linearly with respect to lag time
t suggesting a diffusive behavior. As DNA concentration increases, deviation
from diffusive behavior is observed. Within entangled regime ( c > 1.6 g/L [91]
), the subdiffusive scaling exponent, as well as the mean square displacement,
of the cosmid DNA decreases dramatically as the concentration increases. Note
that the mean square displacement in long time scale is not observed due to
photobleaching, but it should recover to diffusive behavior according to a recent
study [23]. In spite of the similarity, the mean square displacement of a circular
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In 2.4 g of cosmid DNA/L solution:
      MSD of cosmid DNA
      Shifted MSD of cosmid DNA
      MSD of beads
Figure 3.3: The mean square displacement of cosmid DNA (•), shifted mean
square displacement of cosmid DNA (◦), and the mean square displacement of
colloidal beads (H) vs lag time t.
cosmid DNA is different from that of a linear λ -phage DNA. Firstly, the mean
square displacement of cosmid DNA is larger that of λ -phage DNA at relative
close concentrations. This suggests a circular DNA molecule moves faster than
a linear DNA molecule if they have the same contour length. Secondly, the
critical concentrations representing the cross over from non-entangled regime to
entangled regime are different from these two situations. In the case of λ -phage
DNA, the critical concentration is around 0.7 g/L while it is around 1.6 g/L in
the case of cosmid DNA. Thirdly, the subdiffusive scaling exponent of λ -phage
DNA decreases down to 1/4, because of the reptation mechanism. However, this
exponent of cosmid DNA does not decrease to 1/4 indicating that circular DNA
does not reptate in the entangled solution. In summary, these differences indicate
the topology of the polymer can have an extremely strong impact on the motion
of entangled polymers.
To investigate the possible motion of circular DNA in entangled regime (
for concentration c > 1.6 g/L ), the mean square displacement of entangled cos-
mid DNA was compared with that of micro-sized colloidal beads embedded in
entangled cosmid DNA solution [91]. Figure 3.3 shows the comparison results
at a cosmid DNA concentration 2.4 g/L. It is suggested that the DNA molecules
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themselves move faster than coloidal beads, since the bead has a larger molecular
weight than cosmid DNA. For clarity, the mean square displacement of cosmid
DNA is shifted down by an arbitrary extent in the logarithmic representation.
The shape of shifted mean square displacement curve of cosmid DNA is almost
identical to that of colloid beads. In the case of linear polymers (see Chap-
ter 2), the shape of a mean square displacement curve, especially in the short
time region, is determined by the underlined mechanism of the motion, which
means this shape characterizes the type of motion of the molecule. Therefore,
the identity indicates the over all motion of circular cosmid DNA molecules in
the entangled regime can be considered as the same as the motion of spherical
beads.
3.4 Conclusion
The time dependent mean square displacement curves of circular cosmid DNA
were obtained via fluorescence microscopy. These curves were first compared
to that of linear λ -phage DNA which has relatively the same contour length as
cosmid DNA. Different behaviour of time exponents of mean square displace-
ment were observed though this comparison. Previous report [23] accomplished
a systematic analysis of the self-diffusion of linear and circular DNA, but it only
reports the long time diffusion coefficient in different situations. In the long
time scale, diffusion behavior can be achieved though different types of motions
in entangled system. For instance, both reptation of a polymer and motion of
a spherical beads exhibits diffusion behavior for long time even though they are
substantially different. Thus, diffusion coefficient alone is not sufficient to reveal
the dynamics. However, time dependent mean square displacement in the short
time scale can charaterize the dynamics though its subdiffusive scaling expo-
nent, or the shape of its curve in a double logarithmic representation. Therefore,
the direct comparison between the mean square displacement curves of two dif-
ferent DNA molecules suggests circular cosmid DNA does not reptate. Then,
the mean square displacement curve of cosmid DNA at 2.4 g/L were compared
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to that of colloid beads showing the identical shapes. This observation implies
that entangled closed-circular DNA can be treated as sphercal bead when the
overall dynamic properties is considered. However, since only one mean square
displacement curve is analyzed here, which is not enough to reach an universal




Nanofluidic Compaction of DNA by
Like-Charged Protein
In this chapter, another project regarding to the DNA compaction will be dis-
cussed. The effects of the like-charged proteins bovine serum albumin and
hemoglobin on the conformation and compaction of single DNA molecules con-
fined in rectangular nanochannels were investigated with fluorescence microscopy.
The channels have lengths of 50 µm and cross-sectional diameters in the range of
80–300 nm. In the wider channels, the DNA molecules are compressed and even-
tually condense into a compact form with increasing concentration of protein. In
the narrow channels, no condensation was observed. The threshold concentra-
tion for condensation depends on the channel cross-sectional diameter as well as
the ionic strength of the supporting medium. The critical values for full com-
paction are typically less than one-tenth of a millimolar. In the bulk phase and in
the same environmental conditions, no condensation was observed. Anisotropic
nanoconfinement hence facilitates compaction of DNA by negatively charged
protein. This behavior is tentatively interpreted in terms of enhanced depletion
interaction between segments of the DNA molecule due to orientation order im-
posed by the channel walls.
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4.1 Introduction
A substantial amount of biomacromolecules do not directly participate in bio-
chemical reactions. Nevertheless, these background species have an effect on
molecular transport, reaction rates, and chemical equilibrium [92]. They also
affect macromolecular conformation. An example is the transition of DNA to
a compact form (condensation) in the presence of simple salts and overthresh-
old concentrations of neutral polymers [30, 31, 35]. It has been proposed that
crowding is the basis for phase separation in the cytoplasm [93, 94]. The latter
hypothesis is supported by the observation that DNA can be condensed by cyto-
plasmic extracts from Escherichia coli at extract concentrations corresponding to
about 1/2 the cellular concentration [95]. Besides background species, the cyto-
plasm of most eukaryotic cells contains stationary elements such as fiber lattices
and membranes. These structures affect macromolecular conformation through
confinement in one or two-dimensions. Accordingly, crowding and confinement
are intimately related and deserve an integrated approach in order to understand
their modes of operation and how they couple.
DNA condensation can be assisted and directed by a surface. In surface-
directed condensation, DNA is first adsorbed onto an interface, after which it is
condensed with an agent. Examples are the condensation of single molecules
into rods and toroidal structures with protamine or ethanol [41, 96]. Single DNA
molecules can be confined and visualized with fluorescence microscopy in quasi
two-dimensional nanoslits or one-dimensional nanochannels. The extension in
the longitudinal direction of nanochannels has been measured as a function of
channel diameter [97, 98] and ionic strength of the supporting medium [99, 100].
It is reported that the effect of the generic crowding agent dextran on the con-
formation and condensation of DNA confined in long, straight, and rectangular
nanochannels with a depth of 300 nm and a width in the range of 150–300 nm
[101]. It was observed that the confined DNA molecules initially elongate and
eventually condense into a compact form with increasing concentration of dex-
tran. The critical concentration for condensation depends on the dextran molec-
ular weight. In contrast to the situation in the bulk phase, crowding-induced
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condensation of DNA in a nanochannel does not require a high concentration
of salt [30, 31, 35]. In nanoslit confinement, the DNA molecule also initially
swells, but does not show an abrupt transition to a compact globular form [102].
Reduction in coil size in nanoslits occurs over a large range of dextran concen-
tration and does not compact to the same extent as in tubes. These results show
that confinement geometry plays a pivotal role in DNA response to crowding.
In the bulk phase and at high concentrations of salt (>100 mM NaCl), Yoshikawa
et al. have shown that DNA can be compacted into a globular form by like-
charged protein bovine serum albumin (BSA, 66.4 kDa, pI 4.9) [103]. Here,
this project reports the effect of BSA as well as hemoglobin (Hb, 68.0 kDa, pI
7.1) on the conformation and compaction of single DNA molecules confined in
quasi one-dimensional nanochannels with average cross-sectional diameters in
the range of 80–300 nm. BSA and Hb have molecular dimensions of 14 × 3.8
× 3.8 and 6.4 × 5.5 × 5.0 nm3, respectively. Furthermore, they are both nega-
tively charged at the relevant pH of 8.5. The effective charge of BSA is –15 and,
based on the ς potential, the effective charge of Hb is around –5 [104, 105]. This
study also reports supplementary results obtained with neutral dextran nanopar-
ticles with a radius of gyration of Rg = 6.9 nm (Mw = 50 kDa). Our experiments
were done using devices made of poly(dimethyl siloxane) (PDMS). A lithogra-
phy process with proton beam writing is used to make a nanopatterned stamp
[106, 107]. The stamp is subsequently replicated in PDMS, followed by curing
and sealing with a glass slide [108]. Around 100 chips can be replicated using
a single stamp, so that a fresh chip can be used for every experiment. A series
of channels was produced with a depth down to 60 nm and minimum width of
100 nm. T4-DNA (166 kbp) and λ -DNA (48.5 kbp) molecules were visualized
with fluorescence microscopy. In most experiments, T4-DNA was stained with
YOYO-1 with an intercalation ratio of 23 base-pairs per dye molecule. For such
a low level of intercalation, the distortion of the secondary DNA structure is
minimal; the contour length increases from 57 to 60 µm, and the DNA charge is
reduced by a factor of 42/46 [109, 110]. Furthermore, there is no appreciable ef-
fect on the bending rigidity, as inferred from previously reported measurements
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of the extension of DNA in nanochannels with different concentrations of dye
[100]. λ -DNA was stained with Alexa Fluor 546 [111]. Alexa dye is anionic and
covalently attached to the DNA molecule. DNA molecules were brought into the
channels with an electric field or pressure, and their extensions were measured
in buffers of various ionic strength and various concentrations of BSA, Hb, or
dextran. The condensation of DNA for overthreshold protein concentrations is
also monitored. For reference, the effect of protein on the size of T4-DNA in the
bulk phase was measured with fluorescence microscopy.
4.2 Materials and Methods
4.2.1 Fabrication of the nanofluidic chips
This section introduces the design, fabrication, and testing of a multilayer poly-
dimethylsiloxane (PDMS) based nanofluidic chip for the investigation of biopoly-
mer behavior in a confined and congested state. The chip contains a set of parallel
nanochannels, which are connected through sets of microchannels to two reser-
voirs. The micro- and nanochannels are located within different layers of the
chip and are fabricated with the help of UV and Proton Beam Writing (PBW)
lithography technologies, respectively. As determined by the thickness of the
SU-8 photoresist layer, the microchannels have a square cross-section of 5 ×
5 µm2. The nanochannels have a width in the range of 100 to 300 nm and a
depth in the range of 60 to 300 nm. Compared to more traditional protocols, our
method is relatively easy to implement and allows the fabrication of cheap and
reusable polymer-based biochips. The integrated chip was tested by injecting of
λ - or T4 bacteriophage DNA molecules into the reservoirs. The DNA molecules
were subsequently driven through the nanochannels with the help of an elec-
tric field and visualized through the fluorescence of the YOYO-1 staining dye.
The stamp for the nano/micro fluidic device was made in a two-step lithography
process. In the first step, a nano-patterned structure was fabricated on Hydro-
gen Silsequioxane (HSQ) (Dow Coming Co.) using proton beam writing (PBW)
[112]. In the second step, a microstructure was superposed on this nanostructure
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     (HSQ)
Developped Photoresist 
                   (HSQ)
Figure 4.1: Schematic demonstration of the first step of fabrication of the
nanofluidic device: Nanostructure patterning in HSQ by proton beam writhing.
utilizing SU-8 (MicroChem) photo-resist and UV lithography. Both steps will
be described subsequently.
Figure 4.1 illustrates the first step, the preparation of the HSQ nano-patterned
stamp. The fabrication process begins with the deposition of a 200 nm thick gold
(Au) thin film on a silicon wafer. A solution of HSQ in 4-methyl-2-pentanone
is wet-spun onto the Silicon/Au wafer in order to form a film with a thickness
of 60 ± 5, 200 ± 5, 250 ± 5, and 300 ± 5 nm. The wafer is subsequently
baked at 120 ◦C in an oven, and the resist layer was patterned by PBW. HSQ
is a negative photoresist, which means that areas exposed to a beam of protons
are strengthened by an increase in chemical bonding among the polymers. The
exposed resist was developed in isopropanol-water (7:3, IPA) developer for 10
minutes at room temperature without agitation. This procedure results in the
dissolution of any unexposed HSQ material. As a result, the stamp carries a
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positive nano-structure consisting of standing walls with a height of 60 ± 5, 200
± 5, 250 ± 5, 300 ± 5 nm and widths of 100, 200, and 300 nm. The resulting
cross-section dimensions of the nanochannels are 100 × 60, 300 × 200, 100 ×
250, 200× 250, 300× 250, and 300× 300 nm2. The length of the nanochannels
is 50 µm.
On top of the HSQ nanostructure, a microstructure manufactured in SU-8
was superposed. SU-8 is a negative photoresist based on epoxy resin. Under
UV exposure and in the presence of a photo-initiator, the SU-8 molecules form
a highly cross-linked network. This cross-linked network cannot be removed by
the developer. Due to its low optical adsorption, SU-8 can be patterned using
optical lithography to a thickness of hundred micrometers with very high aspect
ratios. For the substrate, it is possible to use the above described stamp to carry
the HSQ nanostructure. Accordingly, by the combination of the two different
lithography processes, i.e., one in HSQ with PBW and another one in SU-8 with
UV, it is possible to produce a stamp with a (positive) microstructure superposed
on an underlying nanostructure.
In the second step (as shown in Figure 4.2), the above prepared substrate was
preheated at 200 ◦C for 120 s. A 5 µm thickness layer of SU-8 was subsequently
spin-coated on the substrate at 2000 rpm for 30 s. The SU-8 coated substrate was
then baked on a hot plate at 95 ◦C for 120 s in order to evaporate the solvent.
The nanostructure on the substrate was aligned with the microstructure on the
UV mask with an UV mask aligner system. The substrate was exposed to UV
light (365 nm) for 30 s. The exposed substrate was post-baked at 95 ◦C for 120 s.
Then the SU-8 was developed by immersion in SU-9 developer (MicroChemTM)
for 120 s, followed by a brief rinse with IPA, a rinse with deionized water, and
eventually drying with a gentle stream of dry nitrogen gas. Figure 4.2 illustrates
the whole procedures and the final stamp is shown on the bottom. The fabrication
of the nanochannel stamp was carried out by Prof. Jeroen van kan Anton and his
team in CIBA, Department of Physics, National University of Singapore.
In order to prepare the micro/nanofluidic chip, the stamp was replicated in
PDMS. The used elastomer is SylgardTM 184 from Dow Coring Corporation. It
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     (SU-8)
Developped Photoresist 
                   (SU-8)
Nano & Micro channel stamp
       (top view)
UV mask (top view)
Reservoirs
Microchannel
Figure 4.2: Schematic demonstration of the second step of fabrication of the
nanofluidic device: Super positioning of the SU8 microstructure on the HSQ
nanostructure by UV lithography.
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is supplied in a two-parts kit: a liquid silicon rubber base (a vinyl-terminated
PDMS) and a catalyst or curing agent (a mixture of a platinum complex and
copolymers of methyl hydrosiloxane). The chemical formula for PDMS is
(H3C)3[Si(CH3)2O]nSi(CH3)3. The curing agent was added to the PDMS base
in a weight ratio of 10:1 and mildly blended to facilitate the dissolution of the
catalyst into the base polymer. The mixture was then degassed in a glass desicca-
tor connected to a vacuum pump. The PDMS-catalyst mixture was poured onto
the stamp and again degassed to draw out any air bubbles possibly trapped in-
side the deep and narrow trenches. The PDMS was then cured by placing it in an
oven for 24 h at 65 ◦C. The cured PDMS slab was carefully peeled off from the
master stamp from the outer edge inwards. The separated PDMS structure was
inspected with an optical microscope. Access holes (1 mm in diameter) were
punched through each end of the micro-channels by using a needle punch (Har-
ris Uni-Core, Jed Pella Inc.). The bonding quality of the PDMS capping layer to
a glass coverslip is critical in micro/nano fluidic applications. In general, these
devices are designed to process very small quantities of fluids. The pressure ex-
erted on the fluidic channels are inversely proportional to their cross-sectional
diameters and can become very high. Without a good seal, leakage of fluids will
inevitably occur due to a breakdown of the bonding between the PDMS and glass
coverslip. A treatment with oxygen plasma can be used to create an effective
bonding of PDMS to glass. The oxygen plasma improves adhesion by remov-
ing surface contaminants, by roughening the bonding surfaces, and by chemical
modification of surface groups. In particular, the -O-Si(CH3)2- unit in PDMS
can be converted into a silanol group (Si-OH). As a result, the PDMS surface
changes from hydrophobic to hydrophilic. The oxidized PDMS surface resists
adsorption of hydrophobic and negatively charged molecules. Furthermore, they
are stable for approximately 30 m in air. After this period, the hydrophobicity
of the surface is recovered, irrespective whether the medium is vacuum, air, or
water. After being peeled off from the master, the PDMS samples were cut into
strips of length 10 mm, width 5 mm, and height 2 mm. The strips were then
pretreated with air plasma in a cylindrical type glow discharge cell with medium
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Site 1 Site 2,3,4 Site 5,6 Site 7
Figure 4.3: Nicking sites distribution on linear λ -phage DNA by Nb.BbvCI en-
zyme.
plasma energy (10.5 W) and a radio frequency of 40 kHz. The PDMS strip and
glass coverslip were placed between the two electrodes and subjected to the glow
discharge for a period of 30 s at an air pressure of 0.3 Torr. After the treatment,
the PDMS sample was immediately brought into contact with the glass slide for
bonding. The bonding strength was further improved by post-baking the assem-
bly on a hot plate at 85 ◦C for 120 s.
4.2.2 Sample preparation
T4-DNA was purchased from Nippon Gene, Tokyo and used without further
purification. λ -phage DNA, YOYO-1 and TE buffer used here were the same
as mentioned in Chapter 2. DNA nicking enyzme (Nb.BbvCI), VentR (exo-)
DNA polymerase, deoxynucleotide (dNTP) solution set and NE Buffer 2 were
purchased from New England Biolabs, Ipswich, MA. Nb.BbvCI is a nicking
endonuclease that cleaves only one strand of DNA on a double-stranded DNA
substrate. It has a recognition sequence of 3’...GGAGTCG...5’. It is known that
a linear λ -phage DNA molecule has seven such corresponding sites which is
displayed in Figure 4.3. However, due to the optical resolution limitation on flu-
orescence microscopy of our system, Site 2, 3, and 4 will emerge to one signal
and Site 5 and 6 will emerge to one signal as well. Thus, only four signals in
total can be observed. VentR (exo-) DNA polymerase is a DNA polymerase en-
zyme synthesizing DNA molecules from their nucleotide building blocks. It is
used to seal the nicked sites on DNA with labeled DNA nucleotides. Deoxynu-
cleotide (dNTP) solution set is composed of all four DNA nucleotides (dATP,
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dCTP, dGTP, and dTTP) which is used to repair nicked DNA. Both enzymes are
reactive in a standard buffer, NE buffer 2, provided by the company. The buffer
is composed of 10 mM Tris-HCl, pH 7.9, 50 mM NaCl, 10 mM MgCl2, and
1 mM DTT. ChromaTide dUTP-14-Alexa 546 was purchased from Invitrogen,
Carlsbad, CA. This is a fluorescent dye labeled nucleotide which has emission
wave length around 546 nm.
DNA nucleotides mixture containing dATP, dGTP, and dCTP (dAGC) at a
concentration of 0.5 mM each was prepared in 1× TE buffer one day in advance.
To break naturally formed concatemers, λ -phage DNA (0.5 g/L) was heated at
338 K for 10 m and rapidly cooled down to 295 K by immersion in a water bath
before the labeling reaction. In a 50 µl solution, 1 µg lambda DNA was incubate
with 20 U of Nb.BbvCI and 10 U of Vent (exo-) DNA polymerase in the present
of 0.01 mM dAGC and 0.01 mM dUTP-14-Alexa 546 in 1x NE buffer 2. The
reaction solution was first incubated at 37 ◦C for 1 h to nick and then immediately
incubate at 65 ◦C for 30 m to polymerase during which the nicking enzyme was
inactivated at the same time. After the reaction, the sample was centrifuged 6
times at 2000g for 10 m with 1x TE buffer (pH 7.9) using AMICON 100 kDa
centrifuge tube (Millipore, Billerica, MA).
T4-DNA was stained with YOYO-1 with an intercalation ratio of 23 or 100
base-pairs per dye molecule. Samples were prepared by dialyzing solutions of
DNA against 10 mM Tris/HCl or 10 mM Tris/HCl with 25 mM NaCl in micro-
dialyzers. The Tris/HCl concentration is 10 mM Tris adjusted with HCl to pH
8.5, i.e., 2.9 mM Tris-Cl and 7.1 mM Tris. BSA, Hb, and dextran were purchased
from Sigma-Aldrich and dissolved in the relevant buffer. Solutions of protein or
dextran and DNA were subsequently mixed in equal volumes and incubated for
24 h at 277 K. The final DNA concentration is 0.003 g/L. No anti-photobleaching
agent was used. The ionic strength of the buffer was calculated with the Davies
equation for estimating the activity coefficients of the ions and a dissociation
constant pK = 8.08 for Tris.
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4.2.3 Fluorescence imaging
The stained DNA molecules dispersed in the relevant solution were loaded into
one of the two reservoirs connected by the nanochannels. In most experiments,
the DNA molecules were subsequently driven into the channels by electrophore-
sis. For this purpose, two platinum electrodes were immersed in the reservoirs
and connected to an electrophoresis power supply with a relatively low voltage
in the range of 0.1–10 V (Keithley, Cleveland, Ohio). Once the DNA molecules
were localized inside the nanochannels, the electric field was switched off, and
the molecules were allowed to relax to their equilibrium state for at least 60 s.
In some experiments, the molecules were driven into the channels using a mi-
croinjector with a minimal injection pressure of 0.7 kPa (Narishige, Tokyo). The
stained DNA molecules were visualized with a Nikon Eclipse Ti inverted fluo-
rescence microscope equipped with a 200 W metal halide lamp, a filter set, and a
100× oil immersion objective. The exposure time was controlled by a UV light
shutter. Images were collected with an electron multiplying charge coupled de-
vice (EMCCD) camera (Andor iXon X3) with a full frame size of 512×512 pix-
els and exposure time of 100 ms, and the extension of the DNA molecules inside
the channels was measured with ImageJ software (http://rsb.info.nih.gov/ij/).
4.2.4 Bulk phase imaging
As described in Chapter 2.3.2, A droplet of solution was deposited on a mi-
croscopy slide and sealed with a coverslip separated by a 0.12 mm spacer. The
YOYO-1 stained T4-DNA molecules were imaged with a Nikon Eclipse Ti mi-
croscope and a 100× oil immersion objective. Video was collected with an EM-
CCD camera (Andor iXon X3). For each sample, around 10 min of video was
analyzed with Matlab (Natick, MA) and the sizes of the molecules were obtained
with public domain tracking software (http://physics.georgetown.edu/matlab/).
The bulk phase imaging experiments and the following data analysis is per-
formed by Durgarao Guttula, Ph. D, Department of Physics, National University
of Singapore.
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Figure 4.4: (A) Montage of fluorescence images of T4-DNA in 200 × 300 nm2
channels in 10 mM Tris/HCl (pH 8.5). From left to right, the molecule is protein-
free, in 7.4 µM Hb, and in 7.4 µM BSA. (B) As in panel A, but in 10 mM
Tris/HCl with 25 mM NaCl. From left to right: protein-free, 7.4 µM Hb, 4.4
µM BSA, and 17.7 µM BSA (condensed). The scale bar denotes 2 µm. (C)
Distribution in extension of a population of 330 molecules in 10 mM Tris/HCl
with 25 mM NaCl. A Gaussian fit gives a mean extension of R‖ = 7±2µm.
4.3 Results and Discussions
4.3.1 Results
Montages of images of single T4-DNA molecules confined in rectangular nanochan-
nels with a cross-section of 200 × 300 nm2 are shown in Figure 4.4. The im-
ages refer to well equilibrated conformations. After the electric field has been
switched off, the molecules relax to their equilibrium state within 60 s. It has
been verified that there is no further change in the extension of the molecules
for more than 3 h. Furthermore, no difference is observed in extension between
molecules inserted by electrophoresis or pressure. Video imaging was started 5–
10 m after the molecules were brought into the channels and lasted for another 10
m. The equilibrated molecules are slightly contracted in the longitudinal direc-
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Figure 4.5: Relative extension R‖/L of T4-DNA in 10 mM Tris/HCl versus the
concentration of BSA in 100 × 60 (◦), 100 × 250 (), 200 × 250 (), 300 ×
200 (O), and 300 × 250 (4) nm2 channels. The dashed curves are drawn as an
aid to the eye.
tion of the channel with respect to the protein-free state. For overthreshold con-
centrations of protein and wider channels, condensation of the DNA molecules
into a compact form is observed. In the case of the relatively narrow 60 × 100
nm2 channel, the molecules remain elongated irrespective of protein concentra-
tion. Condensed DNA is visible as a bright fluorescence spot and can easily be
discerned from the extended form (see Figure 4.4(B)).
The extension has been mearsured of the DNA molecules confined in the
nanochannels. For each experimental condition, a fresh PDMS replica has been
used and around 200 molecules has been measured. The fluctuation-induced
distribution in extension is close to Gaussian [113]. An example of such a dis-
tribution is also shown in Figure 4.4. DNA fragments can easily be discerned,
because their extensions fall below the values pertaining to the intact molecules.
For the cutoff, the mean value minus 2 times the standard deviation has been
used. Resolution broadening can be neglected, because the optical resolution is
1 order of magnitude smaller than the variance. The mean relative extensions
R‖/L, i.e., the mean extensions divided by the contour length of the molecule,
are set out in Figures 4.5 and 4.6.
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This study first discusses the effect of BSA on the extension of YOYO- 1-
labeled T4-DNA in 10 mM Tris/HCl (2.9 mM TrisCl, 7.1 mM Tris, pH 8.5) and
confined in channels of various cross-sectional diameters (Figure 4.5). In the
channel with a cross-section of 60 × 100 nm2, the extension is about 0.4 times
the contour length. In the wider channels, the relative extensions are in the range
of 0.1–0.3. These moderate values of the relative extensions show that the DNA
molecules are coiled. With increasing concentration of BSA, the molecules con-
tract in the longitudinal direction of the channel, as shown by a decrease in ex-
tension. For overthreshold concentrations of BSA, the DNA molecules condense
into a compact form. This condensation is facilitated by the confinement inside
the nanospace, because no condensation was observed in the feeding microchan-
nels and/or the reservoirs of the chip. The critical concentration for condensation
shifts to higher values with decreasing channel cross-sectional diameter. In the
narrow 60 × 100 nm2 channel, the molecules remain extended irrespective of
the concentration of BSA.
For wider channels, the effects of another like-charged protein Hb as well as
the neutral crowding agent dextran have been investigated (Figure 4.6). The 6.9
nm radius of gyration of the dextran nanoparticles is comparable to the molecu-
lar dimensions of the proteins. As in the case of BSA, the addition of Hb initially
results in contraction of the DNA molecule. The situation with dextran is some-
what different. Here, the DNA molecules take a more extended conformation.
Irrespective of the agent, the DNA molecules eventually condense into a com-
pact form. The condensation thresholds for BSA, Hb, and dextran are similar.
With an increase in ionic strength of the supporting medium by the addition of 25
mM NaCl, the molecules become less extended, and the critical concentrations
for condensation shift to lower values. For most experiments, YOYO-1-labeled
T4- DNA with a ratio of one dye molecule per 23 basepairs has been used. It has
been verified that there is no change in the measured extensions and condensation
thresholds if the bis-intercalation ratio is reduced to one dye per 100 basepairs.
YOYO-1 carries four positive charges. In order to check whether there are no
complications associated with the multivalent and cationic nature of the dye, ex-
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Figure 4.6: (A) Relative extension R‖/L of T4-DNA (open symbols, YOYO-1
stained) and λ -phage DNA (closed symbols, Alexa stained) versus the concen-
tration of BSA in 200 × 300 nm2 channels. (B) R‖/L of T4-DNA versus the
concentration of Hb in 200 × 300 nm2 channels. (C) R‖/L of T4-DNA versus
the concentration of dextran (Mw = 50 kDa) in 300 × 300 nm2 (◦) and 200 ×
300 nm2 () channels. For all panels, the buffers are 10 mM Tris/HCl (◦) or
10 mM Tris/HCl with 25 mM NaCl (). The dashed curves extrapolate to the
protein/dextran-free values at the y-axis, and the arrows demarcate the conden-
sation thresholds.
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Figure 4.7: (A) Mean diameter of T4-DNA molecules in the bulk phase versus
the concentration of BSA (closed symbols) and Hb (open symbols). The buffers
are 10 mM Tris/HCl (◦) and 10 mM Tris/HCl with 300 mM NaCl (O). (B)
Distribution in diameter of T4- DNA molecules in 10 mM Tris/HCl (right) and
10 mM Tris/HCl with 300 mM NaCl (left) buffer and 825 µM of BSA. (C)
Fluorescence microscopy images of T4-DNA in 10 mM Tris/HCl with 300 mM
NaCl and BSA concentrations of 6.6, 33, 165, 495, and 825 µm from top to
bottom.
periments with Alexa Fluor 546 labeled -DNA have also been done. Alexa Fluor
546 is negatively charged through sulfonation, hydrophilic, and covalently linked
to uracil bases of the double stranded DNA molecule. As shown in Figure 4.6,
the relative extensions and condensation thresholds obtained with Alexa-labeled
λ -phage DNA molecules are similar to those obtained with YOYO-1-labeled
T4-DNA. These similarities as well as the identical results obtained with differ-
ent YOYO-1 intercalation ratios show that the condensation phenomenon is not
related to the dye.
In addition to the nanofluidic experiments, this project has investigated how
the size of the DNA molecule in the bulk phase changes with the addition of
protein. Fluorescence microscopy experiments were done with T4-DNA in 10
mM Tris/HCl and 10 mM Tris/HCl with 100, 200, and 300 mM of added NaCl.
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The diameter of the molecules has been measured by taking an isotropic aver-
age of the fluorescence intensity, despite the fact that the molecules are slightly
anisotropic. The distribution in size was observed to be close to Gaussian.
The mean diameters, examples of the distribution, and characteristic images are
shown in Figure 4.7. A significant reduction in coil size is observed at high ionic
strength and concentrations of BSA on the order of 1 mM. In the case of Hb,
no significant reduction in coil size has been observed due to the limited solu-
bility of Hb (Hb is insoluble for concentrations exceeding 0.1 mM). It has been
checked that, with a concentration of NaCl less than 100 mM, the diameter of
the DNA coil is hardly affected by the protein. For intermediate ionic strengths
and concentrations of protein, full and partially compacted molecules were ob-
served to be in coexistence. These findings are in quantitative agreement with
those reported by Yoshikawa et al. [103].
In summary, the following features of the behavior of DNA confined in a
nanochannel and crowded by like-charged protein is concluded. For subthresh-
old concentrations of protein, the molecules are contracted in the longitudinal
direction with respect to the protein-free state. In the wider channels, DNA con-
denses into a compact form for overthreshold concentrations of protein. The crit-
ical concentration for condensation shifts to higher values with decreasing cross-
sectional diameter. In a narrow channel with a cross-section of 60 × 100 nm2,
the extension is almost constant, and no condensation is observed. Nanocon-
finement facilitates condensation by like-charged protein at a low ionic strength
of a few millimolars. In the bulk phase, it is necessary to increase the salt con-
centration to around 100 mM in order to get a significant fraction of condensed
DNA. The critical concentrations of protein for condensation are similar to those
obtained for dextran and are in the range of tens to hundreds of micromolars,
depending on the cross-sectional diameter of the channel and the ionic strength
of the supporting buffer.
99
CHAPTER 4. NANOFLUIDIC COMPACTION OF DNA BY LIKE-CHARGED
PROTEIN
4.3.2 Discussions
At the present pH of 8.5, BSA and Hb are negatively charged. Furthermore, they
are not known to complex on DNA or to have any specific interaction with DNA.
Accordingly, the proteins can easily penetrate the interior of the DNA coil. The
protein concentration in the interior of the coil is, however, reduced with respect
to the value in the surrounding buffer due to a combination of electrostatic re-
pulsion and hard-core volume interaction. For subthreshold concentrations of
protein, the concomitant osmotic pressure gradient results in a contraction of the
coil in the longitudinal direction of the channel. In the case of dextran, elonga-
tion rather than contraction is observed. This has been discussed before, and is
thought to originate from depletion of DNA segments and volume occupancy of
neutral nanoparticles in the interfacial region next to the channel wall [101, 102].
The condensation of DNA for overthreshold densities of a crowding agent is
well-known [35]. Here, this study reports condensation inside nanochannels by
like-charged protein in 10 mM Tris/ HCl buffer with an ionic strength of around
3 mM. This ionic strength is markedly lower than the one employed in polymer
and salt-induced (psi) condensation of DNA in the bulk phase [30]. For psi con-
densation, it is necessary to increase the ionic strength to a value exceeding 100
mM. Condensation of DNA in the bulk phase by like-charged protein is no differ-
ent in this respect. Furthermore, the critical concentrations for condensation are
in the range of tens to hundreds of micromolars depending on the cross-sectional
diameter of the channel and ionic strength, but irrespective of the condensing
agent. These values are at least an order of magnitude lower than the ones per-
taining to condensation in the bulk phase. For instance, the critical concentration
for inducing full compaction of DNA by BSA is around 2.3 mM [103]. On the
other hand, preliminary experiments on the nanofluidic compaction of DNA by
the cationic nucleoid-associated protein H-NS show a critical concentration of
around 1 µM.
Condensation induced by crowders such as dextran or like-charged protein
is due to depletion-induced attraction between DNA segments. A cylindrical
volume in which the crowder cannot penetrate surrounds each segment. In the
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case of a like-charged crowder, the diameter of this volume is approximately
equal to the sum of the diameter of the DNA duplex, the radius of gyration of
the crowder, and 2 times the Debye screening length: DDNA+Rg+2κ−1 with
DDNA = 2 nm [114]. For two parallel cylinders with their center lines of mass
separated by a distance r with DDNA < r < DDNA + Rg + 2κ − 1, there is an
attractive force due to the exclusion of the crowders from the overlap region. On
the basis of an Asakura-Oosawa type of treatment [115], the interaction energy
per unit length is given by the cross-sectional area of the overlap region times













with ρ being the density of crowders inside the coil [57, 114, 116]. This ex-
pression is strictly valid close to the protein θ point, i.e., for moderately charged
proteins with relatively poor solubility. For proteins of higher charge, higher or-
der cross interactions (virials) between DNA and multiple proteins need to be
taken into account. As shown by Monte Carlo simulation, this results in a signif-
icant increase in protein-induced depletion attraction through an increase in free
energy of inserting DNA into the protein solution [114]. There are, however, no
qualitative changes in the distance and orientation dependence of the depletion
interaction. The attractive depletion interaction is set off against the electrostatic
repulsion, leading to a net potential depending on the relative strengths of the
electrostatic and depletion interactions. Condensation occurs when the absolute
value of the depletion interaction energy exceeds a certain critical value.
It should be noted that an effective depletion interaction requires the jux-
taposition of two almost parallel cylindrical segments. Once the segments are
skewed, the overlap region is significantly reduced, and the attractive interaction
disappears. A plausible mechanism for the nanochannel-facilitated compaction
is the increase in contact pairs of (almost) parallel-aligned and juxtaposed seg-
ments due to orientation order imposed by the channel walls. The critical con-
centration for condensation hence depends on two factors: the orientation order
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and the probability of a contact. With decreasing cross-sectional diameter, the
orientation order increases. Concurrently, the contact probability decreases, sim-
ply because the correlation length of the volume interaction is on the order of the
diameter of the channel. In the blob model of Daoud and de Gennes, the con-
tact probability is proportional to the number of segments per blob, i.e., ' D5/3
with cross-sectional diameter D [117]. The increase in critical concentration
with decreasing channel diameter can hence be explained by a decrease in con-
tact probability despite the increase in orientation order. Once the molecule is
fully aligned, no juxtaposed contact pairs can be formed, and condensation is
suppressed.
4.4 Conclusion
This project shows that DNA can be compacted by likecharged, nonbinding pro-
tein at submillimolar concentrations and low ionic strength. For this purpose, it is
necessary to confine the molecule in a quasi one-dimensional nanospace. Geom-
etry is important as shown by the strong dependence of the critical concentration
of protein for condensation on the cross-sectional diameter of the channel. Fur-
themore, in twodimensional nanoslit confinement, there is no abrupt, but rather
a gradual transition of crowded DNA into a compact form [102]. The similarity
in condensation thresholds for protein and dextran indicates a depletion mech-
anism. In nanochannel confinement, the depletion interaction is enhanced due
to orientation order imposed by the channel walls. The enhanced depletion in-
teraction results in fairly low critical concentrations of protein for condensation.
The depletion interaction decreases with decreasing channel diameter due to pro-
gressive screening of volume interaction. However, a moderate confinement is
sufficient for a significant impact on the compaction of DNA.
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Conclusions and Future Work
5.1 Conclusions
The main objective of this thesis is to investigate dynamics and compaction
of DNA in a congested and/or confined state. In the first and second projects,
DNA is restricted in a virtual tube representing the confinement form surround-
ing DNA molecules. In the third project, DNA is confined by solid walls of
nanochannels. To study the dynamics of DNA, flurescence microscopy was used
to video track DNA molecules at different DNA concentrations. Two types of
DNA with the same contour length were used in the studies, namely double-
stranded linear DNA and closed-circular DNA. The results were qualitatively
and quantitatively compared with available experimental data and theories, such
as results of rheology experiments and scaling theory. To investigate the com-
paction of DNA by non-functional liked-charged protein, nanofluidic device (nan-
ochannel) was used to confine single DNA molecules. The confinement is shown
to facilitate the compaction and condensation of DNA with the help of liked-
charged protein in spite of electostatic repulsion. The detailed conclusions to
wrap up the exploration of these three projects are presented in the following
sections.
Dynamics of entangled linear DNA
The time-dependent MSD of quantum dot end-labeled λ -DNA has been ob-
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tained. The time-dependent orientation and principal values of the radius of
gyration tensor have been obtained via imaging of uniformly YOYO-1 labeled
λ -DNA. The experiments have been done at different DNA concentrations in
the entangled regime. For the MSD, the transition from the Rouse to diffu-
sion regime is observed at lower concentrations (< 0.7 g of DNA/L). At higher
concentrations, the entire sequence in time scaling from t1/2, t1/4, t1/2, to t1
with increasing lag-time t is observed. Four parameters were extracted from the
MSD curves by analysis with the (simplified) full expressions of the transport
equations pertaining to de Gennes-Doi-Edwards reptation theory. The longest
relaxation time increases with increasing DNA concentration and the concen-
tration scaling agrees with reported microrheology experiments and theoretical
prediction for a salted polyelectrolyte with screened electrostatics. The Rouse
time also increases when DNA concentration rises. The step length and end-
to-end distance decrease with increasing DNA concentration meaning that DNA
is contracting. For the orientation, the correlation time pertaining to reorienta-
tion of the radius of gyration tensor agrees with the tube renewal time as well
as the longest relaxation time obtained from visco-elasticity experiments. The
time-averaged radius of gyration is in reasonable agreement with the end-to-end
distance of the confinement tube as obtained from the analysis of the MSD. The
present study provides an advanced approach to the local properties of entangled
DNA solution. The similarity in time scale for tube renewal and molecular reori-
entation brings unequivocally into view the coupled translational and rotational
motion of DNA in the entangled regime.
Dynamics of entangled circular DNA
The time-dependent MSD curves of YOYO-1 labeled circular cosmid DNA were
obtained via fluorescence microscopy. The experiments have been done at differ-
ent concentrations crossing from non-entangled to entangled regime. In the en-
tangled regime, sub-diffusive behaviour is observed similarly to the linear DNA
experiments. However, a major difference in the lowest time scaling exponent of
the MSD between linear and circular DNA is found. Qualitative comparison of
the MSD between circular DNA and colloid beads shows identical shapes of the
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MSD curves. The present study suggests that the entangled closed-circular DNA
molecule can be treated as a sphercal bead when the overall dynamic properties
are considered.
Nanofluidic Compaction of DNA by like-charged protein
The extensions of YOYO-1 labeled T4-DNA and Alexa labeled λ -DNA inside
nanochannels have been measured in the presence of salts and like-changed pro-
teins. The dimension of the nanochannels and the concentration of the proteins
were varied to investigate the coupling of confinement and crowding. The exper-
iments show that DNA can be compacted by like-charged, non-binding protein at
submillimolar concentrations and low ionic strength. The similarity in conden-
sation thresholds for protein and dextran indicates a depletion mechanism. In
nanochannel confinement, the depletion interaction is enhanced due to orienta-
tion order imposed by the channel walls. The enhanced depletion interaction re-
sults in fairly low critical concentrations of protein for condensation. The deple-
tion interaction decreases with decreasing channel diameter due to progressive
screening of volume interaction. However, a moderate confinement is sufficient
for a significant impact on the compaction of DNA.
5.2 Future work
In the first project, concentration dependency of the parameters related to the
local properties of DNA molecules in semidilute and concentrated regime is in-
vestigated. The results can be interpreted with the help of the modifications of
reptation model. However, the existing modifications do not quantitatively ex-
plain the scaling behaviour of several measured parameters with respect to con-
centration. Especially, contour length fluctuation is shown to have great impact
on polymer dynamics in entangled regime, yet is not well understood. A close
investigation of the theory can be done using reported results and computer sim-
ulations. Simulations with reported parameters can be used to testify possible
explainations regarding to the coutour length fluctuation. Another interesting
topic will be the study of possible effect of DNA size. According to the reptation
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theory, the critical concentration for entanglements of linear DNA decreaes if the
size of DNA increases. Thus, observation of the full MSD curve will be at lower
DNA concentration if the DNA size is larger than that of λ -DNA. Furthermore,
the relaxation times will increase with increasing DNA concentration. These
predictions can be verified by the similar experiments descibed in this project
on DNA molecules with different sizes. The methodology and results presented
here are also helpful to investigate the change of DNA self diffusion under the
effect of topology related enzymes such as topoisomerase II. The work may give
a direct observation of the dynamic response of DNA to these enzymes.
In the second project, the mean square displacement of circular cosmid DNA
at different concentrations is studied. In the entangled regime, the results were
compared to that of rheology experiment which shows circular DNA can be con-
sidered as spherical particle. However, the comparison was done at only one
DNA concentration, which is not enough to reach an universal conclusion due to
the lack of generality. To make the conclusion more reliable, more similar exper-
iments at different circular DNA concentrations in the entangled regime should
be performed and compared to the rheology exeriments that are done in the same
condition.
In the third project, the mechanism of DNA condensation by like-charged,
non-binding protein is investigated showing that the nanoconfinement facilitates
the condensation and effectively lowers the threshold salt concentration. The
depletion interaction plays a very important role in the process. The next step
will be the study of DNA binding proteins such as H-NS, and HU etc. These
proteins interact with DNA through bridging, stiffening, bending, or kinking.
The underlying mechanism of the binding model of each protein is not well
known. In addition, how the salt condition affects the DNA condensation and
compaction by these proteins is also under investigation. In short, studying the
DNA binding proteins inside nanofluidic device can give a deep insight of their
functions in physiological environment. Dynamics of DNA in nanochannels can
also be investigated to compare with the results from entangled DNA experi-
ments. Nanochannel is a powerful device in the study of confinement effect on
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DNA. However, the confinement it imposes is, seemingly similar, but essentially
different from the confinement exerted by surrounding molecules. A study of the
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MATLAB code for curve fitting of MSD
This section presents the MATLAB code for the curve fitting of MSD to repta-
tion model. In the script, Nb2, τd , τr, and a2 is represented by r, td, tr, and a2.
The algorithm is discussed in Chapter 2.4.3.
1 % Load MSD vs l a g t i m e da ta from . mat f i l e s
2 f i l e n a m e = input ( ’ Give t h e name of t h e f i l e : ’ , ’ s ’ ) ;
3 e v a l ( [ ’ l o a d ’ f i l e n a m e ’ ; d a t a = ’ f i l e n a m e ’ . msd ;
f p s = ’ f i l e n a m e ’ . f r a m e r a t e ; T = ’ f i l e n a m e ’ .
t e m p e r a t u r e ; Diamete r = ’ f i l e n a m e ’ . bead d iam ; ’ ] )
5 % Conver t 2−D data t o 3−D
6 norm = 4 .112 e−21/(6∗ pi ) /298∗T ;
7 x = d a t a ( 1 : l e n g t h ( d a t a ) , 1 ) ’ ; % Lag t i m e
da ta
8 y = ( d a t a ( 1 : l e n g t h ( d a t a ) , 2 ) ’+ d a t a ( 1 :
l e n g t h ( d a t a ) , 3 ) ’ ) / 2 ∗ 3 ; %3−D MSD da ta
10 % P l o t MSD c u r v e vs l a g t i m e
11 l o g l o g ( x , y , ’ o ’ ) ;
12 x l a b e l ( ’ t ( s ) ’ ) ;




15 c o n d i t i o n = 2 ;
17 % F i t t i n g t h e e x p e r i m e n t a l c u r v e w i t h Eq . 4 . 6 i n long
t i m e range
18 whi le ( c o n d i t i o n )
19 i f c o n d i t i o n == 1
20 d e l e t e ( h ) ; d e l e t e ( f ) ;
21 end
22 pause
23 zoom1 = a x i s ;
24 l x i n = f i n d ( x>zoom1 ( 1 ) , 1 ) ;
25 r x i n = f i n d ( x>zoom1 ( 2 ) , ’ 1 ’ )−1;
26 i f i sempty ( r x i n )
27 r x i n = l e n g t h ( x ) ;
28 end ;
29 x i = x ( l x i n : r x i n ) ;
30 y i = y ( l x i n : r x i n ) ;
31 h = l o g l o g ( x i , y i , ’ . k ’ ) ;
32 f1 = f i t t y p e ( ’ s q r t ( p i / 8 ) ∗2∗ r / p i ˆ 2∗ ( x / t d
+2−2∗exp(−x / t d ) +2∗ s q r t ( p i ∗x / t d ) ∗ e r f c ( s q r t ( x / t d )
) ) ’ )
33 o p t i o n s = f i t o p t i o n s ( f1 ) ;
34 o p t i o n s . Lower = [0 0 ] ;
35 o p t i o n s . Upper = [1 1 2 0 ] ;
36 f i t 1 = f i t ( x i ’ , y i ’ , f1 , o p t i o n s ) ;
37 Bound = c o n f i n t ( f i t 1 , 0 . 9 5 ) ;
38 D e l t a r = abs ( Bound ( 2 , 1 )−Bound ( 1 , 1 ) ) / 3 . 9 2 ∗ s q r t (
l e n g t h ( x i ) ) ;
39 D e l t a t d = abs ( Bound ( 2 , 2 )−Bound ( 1 , 2 ) ) / 3 . 9 2 ∗ s q r t (
l e n g t h ( x i ) ) ;
40 f = p l o t ( f i t 1 ) ;
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41 zoom o u t
42 c o n d i t i o n = input ( ’ I s t h i s f i t ok ? ’ ) ;
43 end
45 % F i t t i n g t h e e x p e r i m e n t a l da ta w i t h Eq . 4 . 5 i n s h o r t
t i m e range
46 c o n d i t i o n = 2 ;
47 whi le ( c o n d i t i o n >=0)
48 i f c o n d i t i o n == 1
49 d e l e t e ( h ) ; d e l e t e ( f ) ;
50 end
51 pause
52 zoom1 = a x i s ;
53 l x i n = f i n d ( x>zoom1 ( 1 ) , 1 ) ;
54 r x i n = f i n d ( x>zoom1 ( 2 ) , ’ 1 ’ )−1;
55 i f i sempty ( r x i n )
56 r x i n = l e n g t h ( x ) ;
57 end ;
58 x i = x ( l x i n : r x i n ) ;
59 y i = y ( l x i n : r x i n ) ;
60 l o g l o g ( x , y , ’ o ’ ) ;
61 x l a b e l ( ’ t ( s ) ’ ) ;
62 y l a b e l ( ’msd ({\mu}mˆ 2 ) ’ ) ;
63 h = l o g l o g ( x i , y i , ’ . k ’ ) ;
64 expr1 = s t r c a t ( ’ s q r t (2∗ ’ , num2str ( f i t 1 . r ) , ’∗ a2
/ 3 / p i ˆ 2∗ ( x / t r +2−2∗exp(−x / t r ) +2∗ s q r t ( p i ∗x / t r ) ∗
e r f c ( s q r t ( x / t r ) ) ) ) ’ ) ;
65 f2 = f i t t y p e ( expr1 ) ;
66 o p t i o n s = f i t o p t i o n s ( f2 ) ;
67 o p t i o n s . Lower = [0 0 0 ] ;
68 o p t i o n s . Upper = [10 10 1 0 ] ;
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69 f i t 2 = f i t ( x i ’ , y i ’ , f2 , o p t i o n s ) ;
70 Bound2 = c o n f i n t ( f i t 2 , 0 . 9 5 ) ;
71 D e l t a a 2 = abs ( Bound2 ( 2 , 1 )−Bound2 ( 1 , 1 ) ) / 3 . 9 2 ∗
s q r t ( l e n g t h ( x i ) ) ;
72 D e l t a t r = abs ( Bound2 ( 2 , 2 )−Bound2 ( 1 , 2 ) ) / 3 . 9 2 ∗ s q r t (
l e n g t h ( x i ) ) ;
73 f = p l o t ( f i t 2 ) ;
74 zoom o u t
75 c o n d i t i o n = input ( ’ I s t h i s f i t ok ? ’ ) ;
76 end
78 % Save t h e o u t p u t o f a l l 4 p a r a m e t e r s
79 d a t a f = [ f i t 1 . r , D e l t a r ; f i t 1 . td , D e l t a t d ; s q r t (




MATLAB code for calculation of Rg and τr
This section presents the MATLAB code for the calculation of Rg and τr. The
algorithm is discussed in Chapter 2.4.5.
1 frame num = 1 ; % S t a r t i n g frame
number
2 ave = 2 ; % Number o f
f r am es t o be averaged each t i m e
3 w i n f i l = [3 3 ] ; % Parameter f o r
n o i s e f i l t e r
4 n o i s e b a n d = 8 ; % Bandwidth o f
n o i s e t o be c o n s i d e r e d
5 r a d i u s = 1 2 ; % E s t i m a t e d
maximun p a r t i c l e s i z e
6 S N = 2 5 ; % Noise f i l t e r
t h r e s h o l d
7 f r a m e r a t e = 9 0 . 0 0 9 / ave ; %F i n a l
f rame r a t e
9 % Read recoded v i d e o c l i p s
10 [ f i l e n a m e , pathname ] = u i g e t f i l e ({ ’ ∗ . t i f ’ , ’ t i f
f i l e ’ ; ’ ∗ .∗ ’ , ’Any f i l e ’ } , ’ P i ck a t i f f i l e ’ ) ;
11 i n f o = i m f i n f o ( [ pathname ,
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f i l e n a m e ] ) ;
12 num images = l e n g t h ( i n f o ) ;
14 di sp ( ’ 100 t i m e s o b j e c t i v e Nikon ’ )
15 r e s o l u t i o n x y = [ 1 / 6 . 3 1 1 / 6 . 3 1 ] ;
16 o b j e c t i v e = ’ 100 x ’ ;
17 m i c r o s c o p e = ’ Olympus J e r o e n ’ ;
19 e v a l ( [ f i l e n a m e ( 1 : l e n g t h ( f i l e n a m e )−4) ’ . r e s o l u t i o n x y =
r e s o l u t i o n x y ; ’ ] ) ;
20 e v a l ( [ f i l e n a m e ( 1 : l e n g t h ( f i l e n a m e )−4) ’ . o b j e c t i v e =
o b j e c t i v e ; ’ ] ) ;
21 e v a l ( [ f i l e n a m e ( 1 : l e n g t h ( f i l e n a m e )−4) ’ . m i c r o s c o p e =
m i c r o s c o p e ; ’ ] ) ;
22 e v a l ( [ f i l e n a m e ( 1 : l e n g t h ( f i l e n a m e )−4) ’ . f r a m e r a t e =
f r a m e r a t e ; ’ ] ) ;
23 e v a l ( [ f i l e n a m e ( 1 : l e n g t h ( f i l e n a m e )−4) ] )
25 % P r o c e s s t h e image w i t h wiener2 low pass f i l t e r
26 a = imread ( [ pathname , f i l e n a m e ] ,
frame num ) ;
27 a = wiene r2 ( a , w i n f i l ) ;
29 f i g u r e ( 1 )
30 colormap ( ’ g r ay ’ ) , imagesc ( a ) ; a x i s ( ’ s q u a r e ’ )
31 t i t l e ( s p r i n t f ( ’ f rame number %d ’ , f l o o r ( frame num ) ) ) ;
32 pause
34 zoom = a x i s ;
35 a = a ( [ c e i l ( zoom ( 3 ) ) : 1 : f l o o r ( zoom
( 4 ) ) ] , [ c e i l ( zoom ( 1 ) ) : 1 : f l o o r ( zoom ( 2 ) ) ] ) ;
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36 a = wiene r2 ( a , w i n f i l ) ;
38 colormap ( ’ g r ay ’ ) , imagesc ( a ) ; a x i s ( ’ s q u a r e ’ )
39 pause
40 a = do ub le ( a ) ;
41 [ r c , cc ] = n d g r i d ( 1 : s i z e ( a , 1 ) , 1 : s i z e ( a , 2 ) ) ;
43 t h r e = max ( a ( : ) ) ;
44 r e s = [ ] ;
45 ang = [ ] ;
46 t im = [ ] ;
47 p a r t = 0 ;
48 t r a c k = 0 ;
50 % Data e x t r a t i o n f o r each frame
51 f o r f r a m e i n = 1 : ave : min (10000 , num images )
52 di sp ( [ frame num num images ] ) ;
53 aa=a ∗0 ;
54 f o r frame num= f r a m e i n : 1 : f r a m e i n +ave−1
55 % i f frame num> num images−ave+1
56 % break ;
57 % end
59 a = imread ( [ pathname , f i l e n a m e ] , frame num ) ;
60 a = a ( [ c e i l ( zoom ( 3 ) ) : 1 : f l o o r ( zoom ( 4 ) ) ] , [ c e i l
( zoom ( 1 ) ) : 1 : f l o o r ( zoom ( 2 ) ) ] ) ;
61 a = do ub l e ( a ) ;
62 aa = aa+a ;
63 end
65 % Reduce n o i s e o f t h e image
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66 aa = wiene r2 ( aa , w i n f i l ) ;
68 bc1 = mean ( mean ( aa ( [ 1 : n o i s e b a n d ] , : ) ) ) ;
69 bc2 = mean ( mean ( aa ( : , [ 1 : n o i s e b a n d ] ) ) ) ;
70 bc3 = mean ( mean ( aa ( s i z e ( aa , 1 ) :−1: s i z e ( aa , 1 )−
n o i s e b a n d , : ) ) ) ;
71 bc4 = mean ( mean ( aa ( : , s i z e ( aa , 2 ) :−1: s i z e ( aa , 2 )−
n o i s e b a n d ) ) ) ;
72 bc = mean ( [ bc1 bc2 bc3 bc4 ] ) ;
74 aa = aa − bc ;
76 vc1 = mean ( s t d ( aa ( [ 1 : n o i s e b a n d ] , : ) ) ) ;
77 vc2 = mean ( s t d ( aa ( : , [ 1 : n o i s e b a n d ] ) ) ) ;
78 vc3 = mean ( s t d ( aa ( s i z e ( aa , 1 ) :−1: s i z e ( aa , 1 )−
n o i s e b a n d , : ) ) ) ;
79 vc4 = mean ( s t d ( aa ( : , s i z e ( aa , 2 ) :−1: s i z e ( aa , 2 )−
n o i s e b a n d ) ) ) ;
81 vc = mean ( [ vc1 vc2 vc3 vc4 ] ) ;
83 % E x t r a t i o n o f da ta
84 i f ( max ( aa ( : ) ) > max ( ave ∗0 .36∗ t h r e , ( S N ∗ vc ) ) ) ;
86 i f ( p a r t ==0) ;
87 t r a c k = t r a c k +1;
88 end ;
89 p a r t = 1 ;
90 t o t a l i n t e n = sum ( aa ( : ) ) ;
91 comp =( aa>(5∗vc ) ) ;
92 bb=aa . ∗ comp ;
128
94 Mt = sum ( bb ( : ) ) ;
95 i f Mt == 0 ; c o n t i n u e ; end ;
96 c1 = sum ( bb ( : ) .∗ r c ( : ) ) / Mt ;
97 c2 = sum ( bb ( : ) .∗ cc ( : ) ) / Mt ;
99 f o r i ndx =1: s i z e ( bb , 1 )
100 f o r i ndy =1: s i z e ( bb , 2 )
101 i f ( ( indx−c1 ) ˆ 2 + ( indy−c2 ) ˆ 2 )> r a d i u s ˆ2




107 Mt = sum ( bb ( : ) ) ;
108 c1 = sum ( bb ( : ) .∗ r c ( : ) ) / Mt ;
109 c2 = sum ( bb ( : ) .∗ cc ( : ) ) / Mt ;
111 comp =( aa>(2∗vc ) ) ;
112 aa=aa . ∗ comp ;
114 f o r i ndx =1: s i z e ( aa , 1 )
115 f o r i ndy =1: s i z e ( aa , 2 )
116 i f ( ( indx−c1 ) ˆ 2 + ( indy−c2 ) ˆ 2 )> r a d i u s ˆ2




122 f i g u r e ( 1 )
123 colormap ( ’ g r ay ’ ) , imagesc ( aa ) ; a x i s ( ’ s q u a r e ’ )
129
APPENDIX B
125 Mt = sum ( aa ( : ) ) ;
126 i f Mt == 0 ; c o n t i n u e ; end ;
127 RXX = sum ( aa ( : ) .∗ ( r c ( : ) − c1 ) . ˆ 2 ) / Mt ∗
r e s o l u t i o n x y ( 1 ) ˆ 2 ;
128 RYY = sum ( aa ( : ) .∗ ( cc ( : ) − c2 ) . ˆ 2 ) / Mt ∗
r e s o l u t i o n x y ( 2 ) ˆ 2 ;
129 RXY = sum ( aa ( : ) .∗ ( cc ( : ) − c2 ) .∗ ( r c ( : )−c1 )
) / Mt ∗ r e s o l u t i o n x y ( 1 ) ∗ r e s o l u t i o n x y
( 2 ) ;
131 R = [RXX RXY;RXY RYY] ; % Radius o f
g y r a t i o n t e n s o r
133 i f i snan (R ( 1 ) )
134 c o n t i n u e
135 end
137 [V,D] = e i g (R) ;
138 L = s q r t ( diag (D) ) ; %
E i g e n v a l u e s o f r a d i u s o f g y r a t i o n t e n s o r
139 r e s = [ r e s ; [ f r a m e i n L ’ atan (V( 1 , 2 ) . / V
( 1 , 1 ) ) t r a c k t o t a l i n t e n ] ] ;
140 t im = [ t im f r a m e i n ] ;
141 e l s e p a r t =0 ;
142 end
143 end
130
